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Die Morphologie der Buchlungen von A rachniden (Arachnida Lamarck, 1801 – Arthropoda, 
Chelicerata) wurde in der vorliegenden Dissertation einer streng vergleichenden Analyse un-
terzogen, w elche m it H ilfe m oderner M ethoden e ine ne ue S icht a uf die P hylogenie de r 
Arachniden eröffnet. Aus dem Vergleich mit den potentiellen Schwestergruppen (Xiphosura, 
Eurypterida) und m it Skorpionsfossilien erweist sich der einmalige Landgang eines gemein-
samen Vorfahrens aller rezent terrestrischen Arachniden. Buchlungen-Daten von 200 rezenten 
+ 2 f ossilen Skorpionen, 16 G eißelspinnen (Amblypygi), 17 Geißelskorpionen (Thelyphoni-
da), einem Schizomiden (Schizomida), einem ausgestorbenen Trigonotarbiden (Trigonotarbi-
da) und de r Außengruppe, den rezenten Pfeilschwanzkrebsen (Xiphosura), wurden zu einem 
illustrierten Katalog zusammengestellt. Die unüberschaubare Vielfalt der oft graduell variie-
renden Strukturen macht die eindeutige Definition der Merkmale und auftretenden Merkmals-
zustände not wendig. E s w urden f olgende 5 M erkmale de finiert: ( 1) di e O berflächen de r 
Atemlamellen, (2) de r Lamellenrand, (3) der posteriore Stigmenrand, (4) der anteriore Stig-
menrand und (5) die Wand des Atriums. Hierbei tragen die Merkmale 1-3 mit ihrer unerwar-
teten F ülle i nnerhalb de r S korpione m aßgeblich z ur A ufklärung i hrer V erwandtschaftsver-
hältnisse be i. Ä hnliches wird von de n M erkmalen 4 und 5  be zogen a uf di e U ropygi s. l at. 
vermutet. Ein sechstes Merkmal (Sensillen/Poren) wurde definiert, doch nur vereinzelt erfasst. 
Raster-Elektronenmikroskopie diente der Erfassung der cuticulären Feinstruktur der Buchlun-
gen. D ie S truktur d er Buchlungen i m G esamten w urde m ittels hi stologischer S chnittserien 
und m it a uf µ CT ba sierenden 3D -Rekonstruktionen unt ersucht. F ür di e U ntersuchung von  
Trigonotarbiden-Fossilien w urde eine M ethode entwickelt, di e 3D -Rekonstruktion a us S e-














Strict comparative analyses of the morphology of arachnid book l ungs (Arachnida Lamarck, 
1801 - Arthropoda: Chelicerata) were carried out in the present doctoral thesis using modern 
methods, resulting in a new perspective on arachnid phylogeny. Comparisons with potential 
aquatic sistergroups (Xiphosura and/or Eurypterida) and fossil scorpions give rise to the hypo-
thesis of  the unique terrestrialization of  ancestors, which i s common for all a rachnids. Data 
from 200 R ecent +  2 e xtinct s corpions, 16 w hip s piders ( Amblypygi), 17 w hip s corpions 
(Thely-phonida), 1 s chizomid ( Schizomida), 1 e xtinct t rigonotarbid ( Trigonotarbida) a nd 1  
outgroup - horseshoe crab (Xiphosura) are assembled into an illustrated catalogue of arachnid 
book l ungs. Following t he obs ervations of  t hese gr adually di ffering c uticular s tructures t he 
vast variation of book-lung fine structure across Arachnida requires unequivocal definition of 
characters and character states. Five characters are defined, which are assigned to distinct ho-
mologous book-lung structures: (1) the surface structure of the respiratory lamellae, (2) struc-
ture of the distal edges of the lamellae, (3) the posterior edge of the spiracle, (4) the anterior 
edge of the spiracle and (5) the structure of the wall lining the atrial chamber. Especially the 
book-lung characters 1 -3 contain unexpected information, which helps r esolve relationships 
within Scorpiones to a high degree, and characters 4 and 5 are of considerable importance for 
Uropygi s. lat. One sixth character (sensilla/pores) is mentioned, but sporadically examined. 
However, cuticular book-lung f ine s tructure i s s tudied us ing SEM, the gross morphology i s 
reassessed using histological sectioning and 3D-reconstructions based on µCT. For investiga-
tions on t rigonotabid fossils a new method yielding 3D-reconstructions from stacks of subse-
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At least since Meckel (1808), book lungs have been known as the respiratory organs of arach-
nids (Arachnida Lamarck, 1801), whereby these animals are distinguished from other arthro-
pod groups, which used to be called insects before. Although the relationships of arthropods 
are still controversially discussed, the Arachnida are widely accepted as a monophyletic taxon 
(Weygoldt and Paulus, 1979a, b; Shultz, 1990, 2007) today. Since these studies there has been 
no s erious doubt  a bout t he i dentity o f t he book  lungs giving f urther s upport t o A rachnida. 
However, the book l ung is not a constant organ system at all, but underwent many evolutio-
nary changes, which led to great variation within the book l ungs. This is especially t rue fo r 
scorpions (Scorpiones C.L. Koch, 1850), and two comparative studies carried out by Laurie 
(1896) and Pavlovsky (1926) t ried to summarise the variation of  scorpion book l ungs using 
simple light-microscopical techniques, with astonishing success from a modern perspective. 
Book lungs have one  gross morphological feature in common, implicit in their name, s ince 
the r espiratory uni ts ar e l eaf-like la mellae in a s tack with a book -like a ppearance ( Fig. 1). 
Moreover t he m odular c onstruction of  t his or gan, c omprising i n e ach l ung: on e r espiratory 
opening (spiracle), one pre-chamber (atrium) and the actual, lamellate book lung are charac-
ters, which result in their s imilar appearance. The variation of  these organs is hidden in the 
small, i.e. microscopic, dimensions. Newer techniques such as SEM and perhaps TEM nowa-
days enable investigations on t he book l ung revealing more data about book lung fine struc-
ture ( Kamenz e t a l., 2005) . In or der t o s tudy the gross m orphology computed t hree-
dimensional r econstructions a re a vailable us ing non -destructive t omographical m ethods. 
Another innovative method achieving 3D-reconstructions from stacks of focal layers is used 
studying translucent fossils with amazing preservation. - All this newer methodology opens 
an incredible variation of book-lung structures with uncertain relevance for the phylogeny of 
the Arachnida. This is for 200 years, in which book lungs were known, the first project where 
someone successfully tried to get an overview over this vast chaos across Arachnida. This was 
done through a strict comparison of clearly defined characters in the present thesis. 
Scorpiones, as well as Amblypygi (Thorell, 1883) and Uropygi (Thorell, 1883) as members of 
the T etrapulmonata ( Shultz 1990)  w ere e xamined. N evertheless m ore information c ould b e 
expected from Araneae (Clerck, 1757), where the data were only gathered from the literature, 
which was initially seemingly very informative. Additional data came from examinations of 
one schizomid (Schizomida Petrunkevitch, 1945), and fossils of two scorpions and one trigo-
notarbid ( Trigonotarbida, e xtinct). X iphosura Latreille, 1802 a nd E urypterida B urmeister, 
1843 serve as outgroups (Dunlop and Selden, 1997, Dunlop, 1997, 2002) . My thesis deals at 
least with five book-lung characters in numerous character states, the major part of which is 
assembled here (see below). The characters are: (1) the surface of the respiratory lamellae, (2) 
the distal edges of the lamellae, (3) the posterior edge of the respiratory opening, (4) the ante-
rior edge of the respiratory opening and (5) the wall lining the book-lung atrium. The some-
what ar tificial cha racter s tates ar e t reated separate f rom t he act ual de scription of t he pur e 
morphology, since they are interpretations, i.e. abstractions of the real morphology. This clas-
sification of the character states shifts back the problem of human ‘box thinking’ (typology) 
onto the level of character description, but is thus far unavoidable. 
Book-lung characters do not of course differ randomly within the Arachnida, but give some 
information a bout t he r elationships of  a rachnids, on t he l evel of  a lmost all i ncluded hi gher 
taxa, and also within them. This makes book-lung data useful for future cladistic analysis, to 
which the thesis will significantly contribute. Together with characters of external morpholo-
gy (Prendini and Wheeler 2005, Soleglad and Fet 2003) and as far as possible including cha-
racters of internal organs too (e.g. the female genital organs, Volschenk et al. 2008) book-lung 
data are one part of a w ider project. The potential influence of book-lung data for such ana-
lyses is high, due to its unexpected range of structural variation. - In my thesis, the discussion 
is limited to scenarios, in which the evolution of the book l ung and their sub-structures find 
plausible and most parsimonious explanations. This is done with special reference to the aq-
uatic origin of Arachnida, and this with the particular focus with respect to the assumed terre-
strialization of scorpions (Kjellesvig-Waering, 1986; Briggs, 1987; Jeram, 1994) independent 
from other arachnid taxa. 
 
1.1 Terrestrial adaptations 
 
To some extent the homology of the book l ungs of arachnids has already been demonstrated 
by Scholtz and Kamenz (2006), and i s supported by morphological s tudies supporting their 
common ancestry, i.e. a single origin of the book lungs. This is also true for the homology of 
arachnid book lungs and horseshoe crab (Xiphosura) book gills; interpreting the book lung as 
internalized lamellate gills. Numerous authors can be cited in support of this entirely convinc-
ing hypothesis, for example Lankester (1881, 1885). In the course of terrestrialization the in-
ternalisation of the lamellate respiratory organs was obviously necessary. It came along with a 
few major constraints, inducing architectural innovations of respiratory organs and the ventral 
plates, in taxa branching off from the aquatic stem-lineage. 
The first striking constraint led to the internalisation of the lamellate respiratory organ, maybe 
at the base of Arachnida or perhaps in the stem group of Arachnida, minimizing water-loss. It 
led to the reduction of the respiratory opening (spiracle), but should still allow the uptake of 
the amount of oxygen necessary. Spiracles remained from the giant opening that is left by the 
plate-like appendages of the xiphosurids, which are closable. Scorpions evolved the smallest 
spiracles occurring in lung-bearing arachnids. Whereas in the tetrapulmonate arachnids (Pan-
tetrapulmonata Shultz, 2007) the book l ungs have their openings in the p lesiomorphic posi-
tion at the posterior edge of the ventral plates (sternites) the spiracles moved inwards onto the 
sternites in scorpions. The homology of this book-lung feature needs to be demonstrated, for 
which purpose the fine structure is one initial approach. 
The second major innovation was due to changes in pressure differences, which is much high-
er f rom ai r t o hemolymph, than it i s b etween w ater and hemolymph. Since gases (air) a re 
compressable and l iquids ( water) a re not , t he pr essure l oad ont o t he l amellar surface d e-
creased, which needed to be compensated, otherwise the lamellae would tend to balloon. As a 
consequence, the surface of the respiratory lamellae changed, building innovative structures, 
which prevent t he col lapse of  t he air ch ambers and the r eduction of  t he respiratory surface 
area c oupled w ith t his c ollapse. F inally t his ‘ problem’ w as s olved di fferently e ven w ithin 
arachnids. Bridging t rabeculae in the proximal regions of  the book lungs are clearly plesio-
morphic (Scholtz and Kamenz, 2006). Evolution of the different positions of the more distal 
trabeculae finds a likely explanation in the thesis. 
Other innovative structures evolved to counteract dust particles and perhaps also liquids from 
blocking the entrances of the respiratory chambers (air sacs). Finally ten different s tructures 
are described in this thesis alone on the lamellar edges, which function in this way, with per-
haps more or less satisfactory results. Finally it i s not  always possible to explain the occur-
rence of certain structures with their function. The same function is fulfilled by totally differ-
ent and probably imperfect s tructures. At least a ll these s tructures contain some very useful 
information about the evolution of the arachnids and give hints about their relationships and 
ancestors. And the book lungs are full of  such s tructures, which have not  been documented 
thus far, in such an extent and sampling density across arachnids, and scorpions in particular. 
 




The respiratory organs of scorpions occur on t he inner surface of the ventral exoskeleton in 
the mesosoma (Fig. 2). A pair of book lungs is situated laterally on the sternites of the 3rd to 
6th vi sible opi sthosomal s egments ( identical to the 4t h to 7th e mbryological opi sthosomal 
segments; Brauer, 1895; Simonnet et al., 2006), i .e. those following the pectinal segment. A 
mostly slit-like, in some cases oval or almost circular spiracle (Fig. 18) demarcates the post-
eromedian margin of the book lung, always visible from outside. The spiracle is the respirato-
ry opening leading into the atrium of the book lung (Fig. 23). The distance from the spiracle 
to the anterior margin of the  s ternite is  approximately equal to three times the  di stance be-
tween the posterior margin and the spiracle (Fig. 18). The longitudinal axis of the spiracle is 
inclined towards the transverse axis with the median end lying anterior. The book lung barely 
reaches t he l ateral pl eura (Pl. 3), which is s eparated from i t b y t he m uscular t issue and the 
lateral hemolymph sinus. In all scorpions the book lung is enclosed in a very shallow cavity 
of hemolymph, almost directly above the sternite. 
Except for the Schizomida, which are represented in this study by one specimen, in the tetra-
pulmonate taxa Amblypygi and Uropygi the book lungs are situated in the 2nd and 3rd opis-
thosomal segments (Fig. 3), i.e. the genital and the first post-genital segments (Dunlop 1998). 
Compared with t he conditions i n s corpions, t he book lungs i n t etrapulmonate a rachnids a re 
shifted laterally, almost in contact with the pleural wall. They reach often very far dorsally, 
sometimes up t o the middle horizontal plane of the opisthosoma. Such a situation was never 
observed in any scorpion, where the lungs are fairly flat (Figs. 5, 6). The remaining schizomid 
lungs a re located in the genital s egment and are clearly vi sible through the s ternite. Within 
Araneae ( spiders) t he b ook l ungs a re pr imarily i n t he s ame pos ition a s i n A mblypygi a nd 




2 Materials and methods 
2.1 Taxon assignment 
 
In terms of making the thesis palatable some generalization is necessary. This means terminal 
taxa have to be assigned to higher monophyletic taxa, which it is possible to identify. A dis-
continous, s tep-like ranking of  these monophyletic taxa is  a rtificial and uninformative, t hus 
Linnean categories (order, family, etc.) are seen as unimportant in this thesis. The valid taxon 
names are used neglecting the suffixes. Furthermore phylogenetic prejudice based on personal 
concepts ought to be  avoided. Though the highest, c learly monophyletic arachnid taxa used 
for the thesis re fer to those employed b y Shultz (1990, 2007) . In particular the Schizomida 
Petrunkevitch, 1945 a nd the Thelyphonida Latreille, 1804 (Thelyphonidae) are treated as in-
dependent taxa, although they were often grouped together to the Uropygi s. lat. (e.g. Wey-
goldt and Paulus, 1979b). Following the catalogue of smaller arachnid taxa of Harvey (2003), 
who s ets t he current s tandard, a nd assigns T helyphonida as t he one  and onl y s ub-taxon as 
Uropygi s. str. (Uropygi Thorell, 1883), I use the two taxon names as synonyms. Schizomida 
are distinguished from Uropygi by very different characters, i.e. the pediplaps, the flagellum, 
the book-lung number and the mating behaviour. Each other investigated taxon is unquestion-
ably monophyletic, na mely t he S corpiones, t he Amblypygi, the A raneae a nd t he out group 
Xiphosura (Recent xiphosurids). 
Sub-ordered taxa follow Fet et al.’s (2000) ‘Catalogue of the scorpions of the world’ and the 
equivalent for smaller arachnid taxa by Harvey (2003). 
 
2.2 Taxon sampling 
 
The s tudy pr esented h ere a pplies t he “ exemplar a pproach” ( Yeates, 199 5; P rendini, 2001) , 
according to which an exemplar species represents a higher taxon (usually, but not exclusive-
ly, in the context of a phylogenetic analysis). The advantages of this method are obvious: (1) 
it is impossible to gather data from all terminal taxa, but the use of exemplars enables the var-
iation to be systematically surveyed within a higher taxon; (2) exemplar species make no as-
sumptions about the monophyly of the higher taxa they represent, allowing monophyly to be 
rigorously tested during a phylogenetic analysis; (3) multiple sources of data (anatomy, mor-
phology, behavior, DNA, etc.) are readily combined, if gathered from the same exemplar spe-
cies; (4) the use of exemplars out of species-rich genera restricts data matrices to manageable 
sizes for computational purposes. 
The exemplar approach is more powerful (i.e., it provides a more rigorous test of the hypothe-
sis of monophyly) when more exemplar species are studied per higher taxon, and when these 
species a re s elected to represent t he m aximum morphological v ariation within each higher 
taxon (Prendini, 2001). For the scorpions, 200 e xemplars in 100 g enera were selected in the 
present t hesis t o r epresent a ll 18 S corpiones s ub-taxa ( traditionally classified as ‘ families’) 
(Table 2; Appendix 1) listed in the status quo classification scheme presented by Prendini and 
Wheeler (2005). The same i s done for 15 species f rom Amblypygi, 12 s pecies f rom Thely-
phonida of each 4 sub-ordered taxa (still classified as families or sub-families), and for 1 schi-
zomid a nd 1 t rigonotarbid up t o now . T ype s pecies of  g enera w ere s elected pr eferentially, 
when available. Multiple s pecies w ere s ampled f rom di verse and species-rich genera, e.g. 
Tityus, t o a ssess t he e xtent of  va riation a mong congeners ( see be low). Contingent on t he 
availability of  s uitable material, congeneric exemplars w ere s elected to maximize s ampling 
density (see below). Here, data gathered from the exemplar species selected are presented and 
discussed by higher taxa for operational purposes, with putative phylogenetically related taxa 
(e.g., buthoids, chactoids and scorpionoids) discussed in sequence, rather than in alphabetical 
order. Within each taxon, the f igures f or t he s pecies ar e pr esented in alphabetical or der b y 
genus. This thesis makes no assumptions about the monophyly or content of these taxa, how-
ever. 
One out group s ample of  the x iphosurid s pecies Limulus pol yphemus (Linnaeus, 1758)  was 
studied using SEM and serial sectioning, as described below for the arachnids. This was cho-
sen from the remaining four species of Recent aquatic arachnid ancestors (Xiphosura), due to 
the availability of material. Moreover two fossil arachnids: one scorpion Pulmonoscorpius sp. 
and the tetrapulmonate t rigonotarbid Palaeocharinus sp. (see below) were investigated, giv-
ing s ome us eful i nformation a bout a ncient book -lung c onstruction and the ex tent to w hich 
characters employed for extant taxa can be examined in fossils. Again, the availability of pre-
served fossil book-lung material influenced the decision about the studied samples. 
 
2.3 Applied exemplar approach 
 
My thesis addresses th e difficulties of  gradual t ransformations of  s tructures (means charac-
ters) to approaches using exemplars covering the highest possible species density within and 
between the valid taxa, or categories respectively. This means the goal of the investigations of 
arachnid book lungs is to reveal data of as many species as possible, in order to get the high-
est inter-sample density (lowest evolutionary distances of species). However, associated with 
higher precision for the localisation of  evolutionary changes on t he c ladogram i s a flood of  
information; i.e. it is impossible to cover all variation of arachnid book lungs. Hence it is im-
possible to avoid a certain degree of generalization and simplification. 
 
Simplified sampling (eases diversity). Neither all described species can be investigated in such 
detail, nor it is possible to describe the variation of the structures occurring on/in one sample 
without some simplification (see results). In order to solve the problem of the vast informa-
tion I used a flexible sampling density approach. After studying a lower number of samples 
from all taxa (e.g. genera, families) I increased the density of the sampling in species or sup-
posed c losest inter-species relationships with the goal of  finding the most exact point of  an 
evolutionary switch of one structure (character state to another one). One striking advantage 
arises from this is that the more precise documentation of the gradual evolutionary change of 
one structure with locally higher sampling density may uncover apomorphic characters (cha-
racter states) within valid taxa, hidden within the superficial homogeny. One example for such 
a switch is the change from the r ibbed venation toward the s lender venation in buthid scor-
pions, which took place within the genus Tityus. This genus has nowadays been resolved as a 
paraphyletic group and needs further investigation, which will probably lead to the splitting of 
this genus. 
 
Generalized character definition (eases variation). Nevertheless, it is necessary to categorize 
uncountable s tructures/shapes to characters, or character s tates. Not al l cut icular s tructures 
investigated occur in a perfectly constant shape on the studied cuticle areas either. The most 
obvious examples are given by the structures on the posterior spiracle edge of scorpions. Var-
iation on one spiracle edge is sometimes as high as the structures could be assigned to two or 
more di fferent cha racter s tates, even in one s ample. Nevertheless, the de scription of t he 
shapes of structures needs to be simplified and the position of its occurrence has to be defined 
as precisely as possible. It is necessary to define an absolutely distinct and unequivocal cha-
racter (character state), which always means generalization and categorising of real, variable 
structures, while the total range of morphology becomes lost. Every definition of distinct cha-
racters and character states undoubtedly gives some space for subjective interpretations. De-
spite this inevitable simplification, this is the reason I decided to strictly separate pure descrip-
tions of the observed variable structures (1st part of Results chapter), from the interpretation 
of the structures with the concluded definition of distinct character states (2nd part of Result 
chapter). 
 
2.4 Terminology: lamella vs. air sac 
 
The morphological structures ‘lamella’ and ‘air sac’ do not refer to exactly the same structure, 
even i f t he t erms a re us ed f or ve ry s imilar f eatures of  t he book l ung. In t he l iterature bot h 
these terms are not always used in their strict sense, but are often mixed. Since ‘lamella’ and 
‘air sac’ refer to overlapping features it is  necessary to distinguishing them clearly from one 
another (illustrated in Fig. 1). 
The book-lung lamella is what I define as a double layer of cuticle including the interior epi-
dermis (Pl. 8b) , and i s f looded b y hemolymph, but surrounded b y the medium wherein t he 
animal l ives ( i.e. a ir/water). T his pe rspective i s s hared w ith Laurie ( 1894) a nd i s ba sed on  
histological obs ervations and names t he act ual o rgan/body pa rt o f the  la mellate r espiratory 
organ of  c helicerates. It contains a ll livi ng tis sues/cells and all or ganic material, which b e-
longs to the animal. 
By contrast, air sacs (the name used for the atrium from Bertkau, 1872) are adjacent layers of 
cuticle, which contain the respiratory medium (air). It is preferable for structures of terrestrial 
arachnids only, since the openings of the inter-lamellar spaces are narrow there (in respect to 
the outline of the lamella). The name may come from the sac-like appearance of the air sac in 
macerated cuticle or  molts (exuviae), which is visible from a dorsal view, ‘ inside’ the body 
(Figs. 7, 12, 13 a nd 14). It only refers to the non-living material, namely the cuticle and the 
space within. 
 
2.5 SEM - material, preparation and terminology 
 
Material ex amined was bor rowed from, or s tudied at, the f ollowing c ollections: A merican 
Museum of  Natural Hi story, Ne w Yor k ( AMNH); M uséum N ational d ’Histoire N aturelle, 
Paris (MNHN); Museum für Naturkunde, Berlin (MfN: ZMB). Available collection data for 
all voucher specimens studied are provided in Appendix 1. M ounted SEM stubs are also de-
posited in these collections. Some samples are also deposited at the Comparative Zoology Lab 
(Humboldt-Univerität zu Berlin, HUB). 
Standard scanning electron microscopy (SEM) techniques were used for the preparation and 
investigation of the book lungs. Individual lungs were dissected from scorpions, whip spiders 
(Amblypygi) and whip scorpions (Uropygi) preserved in 70–100% ethanol. A few specimens 
were f ixed in Bouin’s f luid (15 ml saturated pi cric acid, 5 ml 35% formaldehyde and 1  ml 
acetic acid) or using a method adapted from Karnovsky (1965), in a solution of 0.1 M phos-
phate buffered saline (PBS: 10.9 g Na2HPO4 [anhydrous], 3.2 g NaH2HPO4 [anhydrous] and 
90 g NaCl in 1000 ml distilled water, pH 7.2), 3.7% formaldehyde and 2.5% glutaraldehyde, 
plus post-fixation in 2% osmium tetroxide. Bouin’s fluid was washed out with 70% ethanol, 
and Karnovsky’s fixatives using PBS first and 40% ethanol in subsequent steps. The ethanol 
concentration was s equentially i ncreased t o 100 % f or de hydrating t he t issues. T he e thanol 
was then removed in critical point dryers, BAL-TEC CPD 030 (Humboldt-Universität, Berlin 
[HUB]), Emitech K850 (MNHN), or in an oven (AMNH) at 60°C. 
After dehydration and prior to examination with the SEM, the lungs were dissected to expose 
the interior structures before mounting on common stubs. The prepared book lungs were then 
sputter-coated, with gold template in a BAL-TEC SCD 005 (HUB), or with gold-palladium in 
a P olaron S C 7640 ( MfN), J oel J FC-1200 Fine C oater (MNHN), or DENTON D esk II 
(AMNH). The following SEM’s were used in the course of the study: a Leo 1540 VP (ZMB), 
a Joel JSM-840 A (MNHN) and a Hitachi S  4700 ( AMNH). Images of  the book l ungs pre-
pared for e ach species s tudied were assembled into Plates 18 –207, us ing Adobe Photoshop 
and Illustrator. Terminology for book-lung structures follows Kamenz et al. (2005), a detailed 
explanation of which follows in the section on ‘Fine structure of scorpion book lungs’ below. 
 
2.6 Histological preparation and sectioning 
 
Serial sections were taken using freshly moulted samples of the scorpions 1 juv. Androctonus 
amoreuxi, 1 s ubad. Broteochactas sp., 1 s ubad. Caraboctonus k eyserlingi, 1 j uv. Chaerilus 
sp., 1 j uv. Euscorpius mesotrichus and 1 j uv. E. italicus, 1 juv. Hadogenes paucidens, 1 j uv. 
Heterometrus sp., 1 juv. Hottentotta jayakari, 1 juv. Iurus dufoureius, 1 juv. Liocheles autra-
lasiae, 1 j uv. Nebo hierichonticus, 1 j uv. Opisthacanthus sp., 1 j uv. Tityus paraensis, and of 
the tetrapulmonates 1 j uv. Minbosius manilanus (Uropygi), and 1 j uv. Damon gracilis and 1 
juv. Damon sp. (Amblypygi). Calchas nordmanni and Euscorpius carpathicus candiota were 
sectioned using a dult a nimals w ith s clerotized c uticle. 1 a dult ♀ unidentified (Schizomida) 
was sectioned, i.e. with (already) sclerotized cuticle. 
All s ectioned a rachnids i ncluded i n t his t hesis w ere f ixed c ompletely us ing t he m ethod 
adapted f rom K arnovsky (1965). M ethod a nd s olutions a re ex cept, for m inor di fferences, 
equivalent to the preparation of the SEM-material (see above). 
The first fixation step was application of a fixative containing 3.7% formaldehyde and 2.5% 
glutaraldehyde in PBS. The whole (mostly juvenile/subadult) scorpions, whip scorpions and 
whip s piders w ere f ixed i n t his s olution t o i nterconnect t he pr oteins. T hey were s acrificed 
immediately after moul ting b y a cut through the  posterior prosoma, approximately between 
the third and fourth walking leg, which opened the opisthosoma enabling the perfusion of the 
fixation substance. The opisthosomata were also opened close to the posterior end to accele-
rate perfusion. The formaldehyde/glutaraldehyde fixation was applied for minimum of 2 days 
at 8°C  t hereafter t he opi sthosomata w ere f urther ope ned f or a  b etter pe rfusion, c utting t he 
opisthosomata l ongitudinally along t he m idline and i mmediately be hind t he l ast book -lung 
segment. The samples remained in this fixative solution at 8°C for between one more night, 
up to two months. 
Afterwards, fixatives were removed by washing twice with the basic buffer solution (above) 
for 20 m inutes. The so-called post-fixation in 2% osmium tetroxide was then carried out for 
1.5 to 2 hours to fix the lipids. Thereafter osmium tetroxide was twice washed out with distill-
ed water for 20 m inutes. In a series of increasing concentrations of ethanol, starting with ca. 
40%, the tissues were dehydrated. Once 100% ethanol was reached, the medium was changed 
to t he i ntermedium propylene ox ide, because o f the incompatibility o f the  embedding r esin 
and ethanol. The samples remained in the intermedium for 1 hour, and were transferred to a 
1:1 mixture of the intermedium and the resin (Araldite CY212). After one to four hours the 
vials containing the samples in the resin-intermedium mixture were opened overnight and the 
intermedium was allowed to evaporate in a fume cupboard. 
Since the remaining resin retains a low viscosity after treatment with propylene oxide it w as 
exchanged the next morning with new resin, which could perfuse for some hours (3-5) in an 
oven at a temperature of  45°C. After transferring the samples into silicon-molds, filled with 
evacuated resin the embedding proceeded at 70°C, which accelerates the hardening process. 
Every half hour the position and orientation of the samples was corrected until the resin be-
came very viscous. The probes were left hardening into a solid block at 70°C overnight. 
Series of  sections were made us ing an ul tra microtome Leica Ultracut UCT and a Diatome 
diamond histo-knife. Several thicknesses of  the sections were t ried; preferable was 750 and 
1500 nm. The resulting slides which contained, size-depending, 20 to 40 s ections were dried 
on a heating plate (Leica HI 1220) at 70°C. Subsequent staining using a dye composed of 1% 
methylene blue in 1% borax and 1% azure II (in a few cases with fuchsin red too) was applied 
at 70°C for 2 minutes and afterwards removed. Photographs of the slides were taken using a 
Zeiss Axioskop 2 plus with an AxioCam HRc digital camera attached. 
 
2.7 µCT studies of the book-lung architecture 
 
µCT contrasting. Six juvenile siblings of the scorpion Heterometrus scaber (3rd instar) were 
treated with heavy metal-containing substances (lead compounds and osmium tetroxide) used 
as contrasting agents for the book lungs. Each of the six specimens was treated in a different 
way in order to find the most selective contrasting method to stain the book lungs. After ap-
plying di fferent contrasting approaches (see be low) a ll s corpions were h andled in t he s ame 
way. For f urther cont rasting r efinements t here w ere a j uvenile Vaejovis s pinigerus (2nd in-
star), a juvenile Iurus dufoureius (4th instar) and an adult Bothriurus coriaceus (adult) pre-
pared using gaseous osmium tetroxide (see below). Images and three-dimensional reconstruc-
tions of  t hese were generated us ing the µ -CT facilities a t the  BESSY BAM-line (details of  
settings - see below) chosen because they ideally resolve the contrast. 
In the next preparation step, the mesosomata were dissected with scissors, opening the body 
anteriorly and posteriorly for perfusion of the fixation substances. Tissue fixation (2-10 days 
at 8°C ) w as a dapted f rom K arnovsky ( 1965): 3. 7% f ormaldehyde a nd 2. 5% g lutaraldehyde 
solution in Soerensen-Buffer (see above – SEM-material). Thereafter the tissues were dehy-
drated immediately (without further OsO4 treatment), substituting the water with ethanol and 
afterwards t he pr obes w ere e mbedded i n e poxide r esin f ollowing s tandard pr otocols ( see 
above - sectioning). 
 
Tissue-contrasting approaches. Two heavy metals were used in at least six different applica-
tions, a pplied t o t he e ntire a nimals. ( 1)- Lead ( Pb) w as a pplied as s olutions of  l ead-nitrate 
(Pb(NO3)2 - saturated s olution) a nd l ead-citrate ( 1.33g P b(NO3)2 plus 1.76g  Na3C6H5O7 
(dihydrous) in 50ml distilled water, clearing with NaOH). (2)- Osmium was applied as a solu-
tion of osmium tetroxide (2% OsO4
2.7.1 µCT analyses of lamellar inclination 
) and in the form of a saturated gas of this solution. Each 
of the two approaches with osmium (solution and gas) was afterwards transferred to ethanol 
(70%); the other two approaches did not involve alcohol treatment in order to test the effec-
tiveness of alcohol in these procedures. The gaseous applied osmium tetroxide gave the best 
results (Pl. 12) and was used in all further investigations with µCT. 
 
 
µCT-scans for analyses of the lamellar orientation were carried out with the following sam-
ples: 1 ♀ Bothriurus c oriaceus, 1 ♀ Calchas n ordmanni, 1 ♀ Caraboctonus k eyserlingi, 1  
juv. Chaerilus variegatus, 1 ♀ Euscorpius italicus, 1 juv. Hadogenes paucidens, 1 juv. Hete-
rometrus sp., 1 j uv. Iurus dufoureius, 1 ♀ Liocheles australasiae, 1 j uv. Liocheles australa-
siae, 1 juv. Nebo hierichonticus, 1 ♀ Orthochirus sp., 1 juv. Minbosius manilanus, and 1 juv. 
Damon sp. at BE SSY BAM-line ( see be low). All t hese ani mals w ere obt ained alive f rom 
breeders or collectors and treated with gaseous osmium tetroxide for contrasting. 
 
2.7.2 3D-reconstruction and alignment of measuring planes 
 
The recorded three-dimensional datasets were visualized using AMIRA (® by Visage Imag-
ing) at the Museum für Naturkunde (laboratory of Prof. Dr. Hannelore Hoch) on an Intel PC. 
AMIRA i s a s ophisticated software pa ckage, w hich enables t hree-dimensionally a nimated 
reconstructions from stacks of two-dimensional sections or tomographical scans. 
The goal of the measurements was to reveal the steepest inclination of the lamellae of every 
book lung in order to compare inter-species differences. Since the book-lung lamellae are bent 
from the anterior toward the distal edges, the steepest orientation has to be measured. From 
observations in histological sections the lamellae appear rather horizontal in the proximal re-
gion of the lungs and steeper distally (Pl. 3, 4), confirmed by µCT (Pl. 15). The steepest point 
is situated at the lamellar edges in the atrium where three measuring points, or planes respec-
tively, were placed. The location of these distinct measuring points was chosen to reflect, on 
the one hand the ‘average’ for the whole lung, and the range of variation of the lamellar incli-
nation on the other. Measurements were best achieved through aligning clipping planes to the 
distal lamellar surfaces ( Pl. 16b) . P lane (1) was aligned to one  l amella i n t he median book  
lung, i .e. close to the median axis of the body; plane (2) was placed central within the book 
lung, and plane (3) in the lateral region of the book lung. 
One further clipping plane which is tangentially oriented to the spiracle-surrounding sternite 
(Pl. 16a) was generated to serve as the frame of reference. The absolute horizontal plane refer-
ring to the entire organism fails in this point. This is due to narrow cuts toward the book lung, 
which are neither exactly parallel to the horizontal body plane, nor are they recognizable in all 
reconstructions, lacking contrasting substances in the midgut tissue. 
The targeted angle (Pl. 16c) between the measuring planes and the reference plane was meas-
ured yielding the steepest orientations of the lamellae. It was achieved by moving the planes 
to pos itions, which were or iented pe rpendicularly to t he s creen (Pl. 16c) t o a llow measure-
ment of  t he a ngle be tween t he pl anes i n a  vi rtual, 2 -dimensional projection us ing t he 2 -
dimensional measuring tool in AMIRA (® by Visage Imaging). 
 
2.7.3 µCT facilities 
 
µCT at the Bundesanstalt für Materialforschung und –prüfung (BAM). The tissue-contrasting 
approaches during this study were verified and optimized at a µCT setup installed at the Bun-
desanstalt f ür M aterialforschung und –prüfung ( BAM) in Berlin. Here d igital r adiographies 
were taken at di fferent s tages of  the preparation process to test the performance of  the con-
trasting agents. 
The µ CT e quipment us ed w as composed of  a  m icrofocal X -ray t ube ( Comet bus iness uni t 
Feinfocus) with a focal spot size of the tube of app. 8 µm at 8 W power, a Perkin-Elmer flat 
panel detector with a structured CsI (cesium iodide) scintillator (2048x2048 pixels of 0.2 mm 
size).. These benchmark da ta of  t he µCT setup provide a  maximum resolution of  ca. 4 µ m 
pixel s ize a t high X-ray contrast s ettings. The digital r adiographies w ere r eceived at a t ube 
voltage of 40 kV, resulting in photon energy ranging around the mean of about 20 keV with-
out any additional pre-filtering. Averages of several images (mostly 20) with integration times 
of 2 s each were calculated to reduce noise. 
 
µCT setup at the BESSY BAM-line. High resolution scans were recorded at the Berliner Elek-
tronenspeicherring-Gesellschaft f ür S ynchrotronstrahlung m .b.H. B ESSY ( Berlin’ S ynchro-
tron Radiation Facility) on the beamline 7T-WLS/1-BAM-line, called short ‘BAM-line’, since 
it is run from the BAM (see Rack et al., 2008 for details of instrumentation). The µCT setup 
at the BAM-line allows s tudies of samples with resolutions ranging f rom 11 dow n to 0.432 
µm (voxel size) using an energy value ranging between 5 a nd 50 ke V. In order to cover this 
wide range of magnification, different combinations of scintillators, optics, and CCD cameras 
were used. Total reflectance of low energy radiation was suppressed with cooled filters of Al 
(1 mm) and Be (0.2 mm). For the exposures the samples were placed closest to the scintillator 
in order to minimize phase contrast and effects resulting from refraction. High precision sam-
ple rotation during the scanning process was provided by an air-bearing rotational stage (so-
called Micos). This changes the perspective (angle) of  the projection successively from 0 t o 
180 degrees (parallel beam), which yields an entire dataset for three-dimensional reconstruc-
tions. G athered pr ojection i mages w ere r econstructed us ing a f iltered ba ck pr ojection algo-
rithm. 
The CT scans of the current study were performed with a monochromatic energy of 18 ke V 
(lower resolution - LR) at a  voxel s ize of  1.41 µ m, and 11 ke V (higher resolution - HR) at  
0.432 µm. In LR scans a  thin LAG-layer ( luthetium aluminium garnet) on a YAG (yttrium 
aluminium garnet) substrate was used as a s cintillator screen, which transforms the projected 
X-ray image i nto a n a pparent 2D  i mage. T he s ame f unction w as pr ovided f rom a  C dWO4 
scintillator in the HR setup. Common microscopical lenses were used; LR used a 4x and HR a 
10x lens. Due to this, magnified scintillator images were photographed with high-resolution 
CCD cameras (LR: 2048x2048 pixels of Princeton Instruments, and HR: 4008x2672 pixels of 
PCO). 
 
2.8 Investigations of fossil arachnid book lungs 
 
Scorpiones 
Pulmonoscorpius. Pulmonoscorpius sp. NMS ( National M useums of S cotland) Geol. 
1987.7.136 c omes from the Lower C arboniferous ( Dinantian l imestone), f ound i n t he E ast 
Kirkton Quarry, West Lothian, Scotland, UK. It is deposited in the Collection Center of the 
National M useums of  Scotland i n E dinburgh. Jeram ( 1990) a ttests t hat t his f ormation 
represents a ‘ contemporaneous hot  springs and volcanic activity’, what l ed to s ilification of  
the specimen. This Pulmonoscorpius fossil is a supposed 30 c m long specimen of very well 
preserved cuticle, containing the prosoma, large parts of the walking legs, all tergites, parts of 
the s ternites a nd the complete me tasoma. Furthermore J eram ( 1990) me ntioned that the  
(‘posterior’) f our pa irs o f book l ungs were pr eserved. A  f ew l amellar f ragments of  one  o f 
these were restudied in this thesis. Some fragments of book lungs had been extracted from the 
fossil scorpion and kept separately. Two pieces of distal lamellar edges, which stuck together 
were m ounted on a s tub, but  r emained unc oated. F or t he i nvestigation t he S EM C amScan 
MX-2500 at the Collection Center of the National Museums of Scotland was used detecting 
the back-scatter electrons. 
 
Mesophonus. Mesophonus i nfans E ( assigned b y Wills, 1947)  i s a  s corpion f ossil f rom t he 
Late T riassic Lower K euper S andstone o f B romsgrove, ne ar Birmingham, U K. It was o b-
tained f rom i ts r epository in t he S edgwick M useum of  t he U niversity o f C ambridge, U K; 
where it is held with three others under the repository numbers: G 54, G 56, G 57 and G 250. 
The Mesophonus i nfans E is  a  s lide-mounted f ragment of  a cid-etched cuticle f rom the  le ft 
anterior mesosoma, which contains l arge p arts of t he pe ctines and the lateral pa rts of  t wo 
post-pectinal sternites. The investigation of this Mesophonus fragment is a part of this thesis 
and has previously been published by Dunlop et al. (2007). The photographs were taken using 
a Zeiss compound microscope Axioskop 2 pl us with a digital camera system AxioCam HRc 
attached. 
 
Book-lung morphology in a fossil trigonotarbid (Arachnida, Trigonotarbida) was resolved in a 
remarkable new polished thin-section (Pl. 269a) held at the Palaeobotany Section of the Uni-
versity of Münster, Germany (PBM 3530). It is preserved in the Rhynie Chert formation from 
the Early Devonian (Pragian, ca. 410 Myr old) of Aberdeenshire, Scotland, UK, where it was 
silicified in a hot  springs environment (Rice e t al., 2002) . This fossil was i dentified as Pa-
laeocharinus sp., based on comparisons with previous trigonotarbid descriptions (e.g. Fayers 
et al. 2005). The translucent chert matrix allows the analysis of cuticular surfaces under op-
timal taphonomic conditions, this even includes internal, cuticle-lined structures within arth-
ropods (Dunlop et al., 2003). Although a part of the present thesis some observations on t ri-
gonotarbid book lungs have previously been published by Kamenz et al. (2008). 
 
Trigonotarbids 
3D-investigations of  t he book l ungs of  t rigonotarbids. S pecifically for i nvestigations of  t he 
fossil book lungs a new, non-destructive approach, was developed during this project from the 
general usage of the so-called 4D-microscope (HUB). A series of 600 micro-photographs of 
the lung (Pl. 209c) and 1000 images of the spiracle (Pl. 210a) was taken using a Zeiss Axiop-
lan 2 microscope w ith a 100x  ( oil immersion) l ens. As f ar as the  limita tions of  the  opt ics 
(from maximal to minimal working distance) allowed, photographs were taken at subsequent 
focal planes with a distance of approximately 0.1 µm. The stack began from the surface and 
was driven towards the deepest visible plane, i .e. when the objective touches the surface of 
the fossil thin section. For a similar, albeit destructive method, see Sutton et al. (2002). Three-
dimensional reconstructions of the distal lung lamellae and the spiracle edge were generated 
using the software packages Bitplane©IMARIS and Visage Imaging AMIRA®. IMARIS i s 
one equivalent software to AMIRA (see above). The resulting 3D-model helps to understand 
structures, which are not obvious in one focal plane. 
 
2.9 3D-reconstruction methods 
 
The s oftware, w hich was us ed f or t he 3D -reconstructions a llows mul tiple oppor tunities to  
visualize the datasets. Automated ‘volume-rendering’ for measurements of inclination angles 
and ‘ iso-surfaces’ (Pls. 13 and 14) , especially for t he t rigonotarbid spiracle edges (Pl. 212)  
were generated. Simple ‘volume rendering’ is one technique to display the voxels (points of 
the 3D-image) above a threshold of brightness, i .e. i t merely fades out the background. Iso-
surfaces are more sophisticated, since they create a surface covering all voxels of a particular 
(equal – iso) brightness. Such an iso-surface is generated from numerous triangles outlining 
the composed surface. Unfortunately not all the voxels, which belong to one structure, have 
the same value, such that a cl earer, three-dimensional reconstruction is helpful to understand 
especially the vague fossil structures. A clear reconstruction of three lung lamellae (Pl. 211), 
plus t he a trial w all, was obt ained us ing ‘contour surfaces’. The model o f a  r egion of  fossil 
lung la mellae was generated w ith this me thod, tracing the out lines of the se s tructures 
throughout the stack, using the Imaris Measurement Pro tool. 
 
3 Results 




Due t o t he gr oss m orphological s imilarity o f t he book l ungs w ithin a rachnids t he ge neral 
morphology is described here based on observations of the scorpion sample Broteochactas sp. 
(Pl. 1). This series of sections was carried out longitudinally, from the lateral margins toward 
the median axis of the body. Discrepancies compared to the morphology of the book lungs of 
tetrapulmonates are outlined below. 
 
Exoskeletal elements. On the lateral side the book lung borders onto muscular tissue (Pl. 1a - 
ldvm), dorsoventrally along the pleural body wall. Other muscles (Pl. 1a - llm) run longitudi-
nally in the medial region of the pleura. On the sternite, i.e. on i ts lateral edge, the dorsoven-
tral muscles attach, running lateral of the book lung, to the sub-medial pleural wall. However, 
the corners of the almost rectangular sternite remain free, where the softer pleural and inter-
segmental membranes merge further inwards, ‘cutting’ into the body (Pl. 1k – dis). The pleur-
al wall (Pl. 1a - pw) continues in the intersegmental membranes and appears to be the same, 
thin, wrinkled cuticular membrane. It seems very much expandable and is lined from an unde-
fined (unlayered) tissue of epidermal cells (Pl. 1a – e). Cell borders within this epidermis are 
barely recognizable, even though a syncytium could not be proven with light-microscopy. 
In the sub-median region of the pleural wall one muscle (Pl. 1a-f – tm) is attached anterior of 
the book lung, which runs inwards within the body. It borders the book lung from the anterior 
side at its lateral part only, but goes anteriorly further inwards, and along the posterior inter-
segmental membrane of the one segment anterior to this. The same muscle (Pl. 1g-j – tm) of 
the following segment borders the book-lung atrium from the posterior at its median part, i.e. 
median of the spiracle. It attaches on the sternite (Pl. 1h-j), posterior of the median margin of 
the book lung. A longitudinal muscle (Pl. 1i, j - lm) runs over this inferior attachment site. It 
connects the anterior and posterior (Pl. 1i) intersegmental membranes of one segment, lateral 
of the midline, and forms the medial border of the book lung. 
 
The sternite. The ventral side the book lung is covered by the sternite (Pl. 1k - s), which has 
the epidermis (Pl. 1a - e) underneath. Slender cells, perpendicular to the sternite, build a gap-
less epithelium, with the nuclei c losest to the s ternite. If these are indeed the lumina of  the 
epidermal cells, they appear empty, without any internal structures. This could be due to the 
fact that the scorpions used for histological studies had moulted shortly before fixation. Sup-
posed cell membranes of the epithelium appear to be very strong, hinting at support through 
connective strands. Those strands dominate the picture of the sternal epidermis cells and it is 
very l ikely that the cel l membranes ar e at tached tightly, but non -visibly, to these s trands or  
layers respectively. 
The s ternite is  a  r igid, multilayered cuticular composite (cf. Fig. 4). Its rigidity dictates the  
shape of the surrounding t issues and also keeps the book l ung in shape. In an external view 
the s ternite (Pl. 1k)  i s a pproximately rectangular, of ten with rounded corners. Two shallow 
depressions lateral of the midline indicate the attachment sites of the large dorsoventral mus-
cles (Pl. 1k – dvm), lateral of which the spiracles (Pl. 1k – sp) are located. Bulge-like rings 
(Fig. 18 and Pls. 1d, 5d – sr), surrounding the spiracles very tightly, occur in many species. 
Below such bulges the epidermal cells are less elongated, have a fully stained lumen, and the 
nuclei are no longer immediate at the sternite. No further differences in the thickness of the 
sternal cuticle were observed here. However, the anterior part of the so-called ring can in fact 
be the anterior spiracle edge. This is often also armed with spines. Nevertheless the posterior 
part of  t he s ternal ring has t o be  di stinguished clearly from t he pos terior spiracle ed ge ( cf. 
Figs. 1, 18 and Pls. 1e, 5d - pse), which is further inwards. Moreover the sternal ring is always 
completely r igid a nd i mmobile, but  is not  f ully established i n e very s pecies. T he pos terior 
spiracle edge is a necessity, forming the valve of the spiracle and is thus always present. 
 
Hemolymph c hannelling. M edian, l aterally along t he m edian l ongitudinal m uscle a  pa ired, 
ventral hemolymph-sinus (Pl. 1k – hs) runs from the end of the mesosoma to the prosoma. It 
extends to each hemolymph space of each book lung (Pl. 1i, j – hs), where it almost reaches 
the anterior intersegmental membrane at the anteriomedian margin the book lung. The hemo-
lymph space o f the book lung i s subdivided b y the cuticular a ir s acs into f lat channels: the 
lamellae (both Pl. 1h – as, l). Every lamella is slightly sloping downwards from mediodorsal 
towards the horizontal sternite, so that the direction of the hemolymph flow toward the lateral 
side is somewhat downwards. These rather short channels meet soon again laterally, leaving 
the lateroventral side of the book lung (Pl. 1c, d – hs). The remaining space between the ven-
tral edges of the air sac and the sternite allows the hemolymph to pass through. Laterally in-
creasing distances of the lamellae from the sternite give rise to the lung sinus (Pl. 1a, b – ls). 
Almost a ll hemolymph, which passes through the lungs exits here. Only a  small volume of  
hemolymph m ight g o t hrough t he s urrounding t issues. F urther l ateral, t he l ung s inus s ur-
rounds the most lateral tip of the atrium along the sternite and the pleura. The lung sinus goes 
up to the pericardium, along the posterior wall of the segmental pleural swelling, interior of 
the epidermis and the dorsoventrally running muscles. 
 
Lung s tabilizing t issues. The functional uni t ‘book lung’ i s dorsally covered f rom the f ene-
strated membrane (Pl. 1i – fm). The term ‘fenestrated membrane’ was introduced by Farley 
(1990), and is problematic because this structure is not a membrane in the conventional mean-
ing. M oreover i t i s c onnective t issue c onsisting of  f ibre-like or  f lat, ba nd-like c ells. T hose 
cells are interlaced. The fenestrated membrane i s t ent-like, he ld up b y the hypocardial l iga-
ment, connecting it to the pericardium. The hypocardial ligament is widely stretched parallel 
to the large dorsoventral muscles, interior of the book lungs, and seemingly contains muscle 
fibres too (Farley, 1900). Observations like these are perhaps easier with the support of SEM-
studies, where the structure is obvious (Fig. 5), helping to interpret the restrictive view of the 
sections. 
The fenestrated membrane (Fig. 6) is perforated, allowing hemolymph to perfuse. It opens up 
the hemolymph space of  the book l ung, the median, ventral s inus, and a lso the lateral lung 
sinus. Functionally, the fenestrated membrane carries the midgut diverticula like in a net, buf-
fering any pressure, which the diverticula put onto the book lungs, converted into stress onto 
the hypocardial l igaments. Only in larger scorpions (e.g. Heterometrus) a re there additional 
bands to hold the fenestrated membrane, supporting the hypocardial ligaments. These connec-
tive bands belong to a network, which interlaces the midgut tissues keeping it in shape. Thus 
the load from the midgut tissues is shared. 
Underneath this tent-like roof, formed by the fenestrated membrane, the lamellae and air sacs 
respectively, are suspended taughtly from connective tissue (Figs. 1, 7 a nd Pl. 1f – cc, com-
pare with spiders - Kästner, 1929). The cell bodies of these cells are fibrous, and also band-
like, retaining a  s mall b ulbous s pace for t he nu cleus. S ince m ultiples o f s uch c ells a re a r-
ranged in a t hree-dimensional network (Fig. 7)  they hold more than one a ir sac in position. 
There are connective cells attached everywhere around the edges of the air sacs, and connect 
the air sacs to the fenestrated membrane dorsally, and to the sternal epidermis on t he ventral 
side of the lung. 
 
Cellular components. Besides the connective tissues, which hold the air sacs in place there are 
further cellular structures, which maintain the structural integrity of the book lung. The lamel-
lae of  t he book l ungs l ie pa rallel a t s ome di stance t o one  a nother. T his i s a chieved b y s o-
called ‘pillar cells’ (Reisinger et al., 1991), (Figs. 1, 8, 9, 11, a nd Pls. 1e, 2, 7a, 8b, 11e – pc). 
Cellular pi llars occur i n all i nvestigated species and are al ways formed in the s ame way: a  
minimum of 2, but  up to 5 cells (Reisinger et al., 1991) build such a pillar (compare with se-
quence of Pl. 2 - pc). Their cell bodies, containing almost only the nuclei, grow from the two 
adjacent s ides of  one  l amella t owards each other. Due t o the f act t hat nuc lei ar e s eemingly 
always very close to the cuticle of the air sacs, either on the one or on the other side, the cells 
meet in the middl e of  the  la mella. E ven, unl ess c ell m embranes c an be  pr oven w ith l ight-
microscopy, t hey were d escribed f rom Reisinger e t a l. (1991) i n TEM-studies of  t he spider 
Eurypelma califonicum. It is very probable that the structure is the same in all studied scor-
pions. Obvious differences were not observed. 
It is  s upposed that the  l amellae a re lined from very ti ght epithelial c ells, the cell bodi es of  
which may be involved in the cellular pillars. This is again based on R eisinger et al. (1991), 
which requires TEM-studies for confirmation. Sometimes single nuclei attaching to the lamel-
lar membrane are observed too. Whether these are in fact always epi thelial nuclei or  hemo-
lymph cells, is uncertain. Furthermore seemingly single cells/nuclei in the proximal regions of 
the book l ung occur, a region where the lamellae are very narrow (Pl. 1a-c). These are often 
compressed through the narrow lamellar walls and may be reduced, or rather upcoming pil-
lars, or  pe rhaps a ttached he molymph cells t oo. T aking t his i nto a ccount t he pi llar c ell d e-
scribed above appears to be an idealized construct. 
Significantly different cells can be distinguished from all those cells already described here. 
Such cells (Pl. 2 – hc) are unequivocally hemolymph cells, obvious due to their frequent oc-
currence within the lamella, without any contact to one of the lamellar walls. These cells oc-
cur always as single cells and are mostly rounded with the nucleus in the center. Their nucleus 
is surrounded by material with a granular appearance, maybe vesicles. 
 
Cuticular components. The cuticular components of the book lungs are the main focus of the 
SEM investigations. Thus the descriptions based on the histological sections focus on gross 
morphology, rather than fine structural details for which SEM study is preferable. Some fea-
tures of  gr oss m orphology a re r evealed w ith S EM t echniques t oo, t he r esults of  w hich a re 
integrated here in order to complete the observations of book-lung morphology. This should 
help to understand this complex system. 
All cut icular s tructures are pr oduced by t he epi dermal c ells a nd due  t o this c overing t hese 
cells. The respiratory organs are, in total, very thin-walled lamellate organs, as is seen in the 
cellular structure as well as in the cuticle of the book lung. The thickness of the cuticle meas-
ures ca. 0.1 t o 0.5 µ m. Measurements are approaches revealed from histological images and 
refer to the lamellae, which are in fact the structures serving for respiratory gas exchange. The 
thin-walled cuticle of  t he l amellae r educes t he diffusion distances, but ne eds t o be s trong 
enough to resist the inner hemolymph pressure. This effect is supported from the cellular pil-
lars, within the lamella, and also from the cuticular substructures on i ts surface, independent 
of whether t here ar e t rabeculae or  r eticulate venation (described in de tail i n t he SEM para-
graphs below) resist balooning. 
The book-lung lamellae are nothing more than very flat hemolymph channels (cf. above, 2 to 
10 µm across) in between two air sacs with a leaf-like shape. At this point it is very important 
to remind of the difference between the two book-lung features, which are frequently mixed 
up, l eading to unnecessary confusion: ‘ lamella’ and ‘air sac’ (definitions- see introduction). 
Both structures have the cut icular surface in common. The t erm ‘ lamella’ denotes the bod y 
part of one respiratory unit, i.e. one hemolymph channel including the epidermis and the se-
creted cuticular surface (Pl. 8b). The ‘air sac’ is the inert cuticular part only, consisting of two 
cuticular layers of two adjacent lamellae and enclose one air space. Air sacs and lamellae al-
ternate within the book lung. 
Air sacs extend into the hemolymph space and end blindly (Figs. 10 and 11), and separate the 
air space hermetically from the hemolymph space. The two layers of one air sac fuse with one 
another to from the so-called air-sac edge, the median parts of which are defined in this thesis 
as ‘proximal’ (see introduction). In rough approximation the book lung can be compared to a 
glove, the fingers of which are compressed into flat leaves. In fact the air sacs resemble ‘sacs’ 
due t o t he na rrow l amellar e dges ( borders of  t he ope ning), but  t he e xtended a ir s ac e dges. 
SEM s tudies r evealed the out line of  t he air s acs (Figs. 12 a nd 13) , which i s approximately 
oval. But the ventral (=lateral) edge is often (especially median lamellae) rather straight and 
parallel to the sternite. Such air-sac leaves are arranged in a stack (Fig. 1), seemingly piled up 
ventrodorsally. In the median region of the book lung this stack lies close to the epidermis of 
the sternite (Pl. 1d-i), which is not the case laterally (see above, Pl. 1a-c). This results in the 
fact that the air sacs in the lateral region tend to become smaller in width, although this is also 
true for their length. Therefore, the size of the air sacs decreases from a median position to-
wards a l ateral (=dorsal) one. With greater distance from the sternite a more curved median 
edge of the air sacs is observed (SEM, Fig. 14). 
At the posterior margin of one air sac the cuticle is not fused with the other layer of the same 
air sac, like in the hemolymph space, but with the cuticular layer of the next air sac (Pl. 2a). 
These t wo cuticle l ayers t ogether for m t he s o-called ‘distal l amellar ed ge’ ( Kamenz et  al ., 
2005; S choltz and Kamenz, 2006)  ( Pl. 2a  – dle). It is  th e bl ind e nd o f the l amella, w hich 
closes the ‘distal’ margin of this and encloses the living cellular tissues and hemolymph. The 
lamellar edge i s s traight, cut ting the oval of  the air sac, albeit asymmetrically (Figs. 12 and 
13). The cuticle at the distal edges of the lamellae is thicker, up to 0.5 µm, and armed toward 
the a ir space of  the a trium with certain cuticular processes, l ike e.g. thorns, spines or  bows 
(see below). All distal edges of the lamellae together form a grill, fused with one another, and 
with the wall of the atrial chamber. The slits in the grill, i.e. between the edges of the lamellae 
form the entrances to the air sacs. 
 
Bridging trabeculae. Although the bridging trabeculae are fine structural details, they together 
(at least hundreds per lamellar surface in small individuals) have the domimant influence on 
the gross morphological appearance of  t he book  lung. Bridging t rabeculae ( Figs. 1, 10, 11,  
and Pl. 7a) are cuticular processes that separate adjacent lamellae from one another and pre-
vent collapse of the air space and a consequent reduction in the respiratory surface area. The 
bridging t rabeculae ( Fig. 10)  are uni que i n f orming c ontinuous columns be tween a djacent 
lamellae. Due to their equal size (constant, size ranging from 1 to 5 µm) and their perpendicu-
lar a rrangement a t r egular int ervals ( the di stance to the ne xt one  is  us ually le ss tha n its 
length), bridging trabeculae hold the lamellae apart at a very constant distance. This results in 
the strict, parallel alignment of the proximal surfaces of the lamellae (cf. Fig. 1). 
Bridging trabeculae are present in the book lungs of all arachnids (Scholtz and Kamenz, 2006) 
and even occur on the proximal surfaces of the book-lung lamellae of all scorpions, irrespec-
tive of  the presence of  venation (Pl. 5c) or t rabeculae on the distal surfaces of  the lamellae. 
Bridging t rabeculae ar e situated in a band-like z one a long the anterior t o medial margin of  
each lamella (Fig. 12). 
 
Atrium. The at rial chamber (Pl. 1c – a) i s a somewhat widened cavity posterior to the book 
lungs. It serves as the source of air for all the air sacs, which extend in parallel from it, into 
the hemolymph sinus. The atrium has the shape of a horn curving around the lung (Fig. 14). 
The median end of the atrium terminates fairly laterally (Pl. 1g – a) compared to the median 
margin of  the entire lung, rather ventral upon t he lowest hemolymph channel, over the epi-
dermis of  t he s ternite. Its l ateral t ip be nds a nteriorly t oward t he dor solateral m argin of  t he 
lung, and ends sub-central of the body segment (somite). In a  posterior d irection the atrium 
extends to a  tube-like ‘ third’ branch, which connects the interior chamber with the spiracle. 
The r elative s izes of  t hese t hree br anches of  t he at rium va ry f rom s pecies t o species. The 
hose-like connection to the spiracle can appear very thin and long (Broteochactas), while in 
other s pecies i t i s ba rely r ecognizable, short, and t he l amellar ed ges h ang di rectly ov er t he 
spiracle (Heterometrus). 
The wall of the atrium has a thin cuticle. It is strongly folded and covered with small, wart-
like c uticular pr ocesses (Fig. 15). Small s lit-like por es, maybe s ensory o rgans ( character 6  
below), occur sporadically, the distribution of  which has not  yet been documented. It i s not  
known, if such pores/sensilla occur in a particular group of species, and in which region of the 
atrium. Often they are surrounded by a ring of wart-like structures too. 
The folds of the atrial wall hint at its flexibility, which is also supported from the epidermis 
underneath t he atrial cu ticle. The epi dermal c ells ar e s eemingly o f unde fined shape; c ell 
membranes are barely visible, and the lumina are often irregularly shaped and filled with gra-
nular or translucent plasma. Connective tissues (or perhaps contractile elements) may also be 
involved, but remain unproven thus far. Toward the spiracle, preferably on the posterior side 
of the atrial hose the cuticle becomes smooth (Fig. 16), losing the wart-like structures. Imme-
diately in front, towards the posterior spiracle edge, the cuticle is thicker. The posterior edge 
of t he spiracle di splays special s tructures, which are de fined as ch aracter 3 (Fig. 26) i n the 
SEM-studies (see below) and occur in many different shapes. There is a relatively small area 
between the smooth and strong cuticle, close to the posterior spiracle edge, and the so-called 
edge itself. Flat bar- or lobe-like structures occur here, which change their shapes (Fig. 16 – 
box) subsequently into the specific shapes of individual species, towards the posterior spiracle 
edge. Often there i s a s tep-by-step transition from the bars into the spiracle edge s tructures. 
Sometimes the areas with the interior bar-like processes are separated from the actual spiracle 
edge, or an abrupt transition is observed. These data are revealed by SEM-observations, rather 
than by histological sections. 
Thinner bands or muscles attach around the atrium (Pl. 3 - lam), opening it up in almost all 
directions, pos terior t o t he book l ung. This i s e specially t rue for t he median and the l ateral 
branch of the atrium. These muscles insert at the sternite, behind (lateral of) the book lung, at 
the posterior intersegmental membrane, the lateral sternite and also at the pleural wall. What 
was also observed is that with increasing species size there is a tendency towards more and 
stronger muscles for widening the atrium. The atrial muscles and their insertion points, are in 
all sections difficult to recognize in general, but often difficult to identify as muscular tissues 
in particular. It may be non-contractile connective tissue in smaller species only. 
 
Spiracle. The spiracle (Fig. 18), sometimes called the stigma, is the respiratory opening of the 
book lung. There is one spiracle associated with each book lung, at its posterior (medioposte-
rior) margin. At the posterior edge (Fig. 17) of the spiracle a stronger muscle (Fig. 1 a nd Pl. 
3d – psm) is attached, which retracts the edge in order to open the spiracle for gas exchange 
with the environment. Even if all spiracles work like valves, two different types of the func-
tional mechanism can be distinguished. In a few species, e.g. Euscorpius spp., where the post-
erior spiracle edge is a fairly stiff flap, it is pulled back turning around one articulation point. 
At this joint the cuticle is thinner than the cuticle of the flap and the sternite. In other species 
the cuticle of the posterior spiracle edge is thinner in general and very flexible. There the spi-
racle opens up t hrough rolling back the posterior ‘edge’. ‘Edge’ may in this case not be the 
ideal term, because it is  not really edge-like there. The name was chosen during the present 
investigations of Euscorpius with the flap-like spiracle, and will be used in this form. In fact 
in many species undefined intermediate states between these two mechanisms were observed, 
such that it is  difficult to assign the observed spiracle opening mechanisms to one of the two 
categories. Studies of this nature are in preparation. 
 
3.1.1.2 Tetrapulmonata – gross morphological differences 
 
Lamellar or ientation. The stack of  numerous, parallel, sheet-like lamellae (Figs. 19, 20 a nd 
Pls. 6, 8a) is dominant, which is consistent with scorpion lungs thus far. This, however, is an 
idealized view. The lamellar book lung of tetrapulmonates is twisted much more from anterior 
to posterior (µCT-data). In the anterior regions (Pl. 6b) the lamellae are horizontally oriented 
and towards the pos terior l amellar edge successively more s teeply inclined (Pl. 6a, see al so 
Laurie, 1894), to almost vertical, with respect to the sternite. 
 
Lamellar edges. Distally (posteriorly) the lamellae form closed edges, working together like a 
regular grill (Figs. 21 and 22). Between the lamellar edges slit-like entrances (Pl. 7b) of the air 
sacs remain. This is also true in scorpion lungs. One exceptional character of the thelyphonid 
lungs is  tha t the  grill-like fused lamellar edges a re v ery rigid, a s first mentioned by Laurie 
(1894). Sometimes they break away from the remaining part of the lamellae. It was often ob-
served that the edges and the atrial wall stuck together, whereas the greater parts of the lamel-
lae were removed. The air sacs end blindly in the hemolymph space (Fig. 11), as in scorpions. 
The gross morphology is true for schizomids as well. However, in these small animals the few 
lamellae are fairly consistently aligned in parallel to the sternal plate (Pl. 11a, b), i .e. the la-
mellae of the schizomid lung are horizontal, and slightly curved upwards on the lateral sides. 
 
Spiracle. T he s piracle o f T etrapulmonata consists of  t he l ateral p arts of  bot h t he pos terior 
edge of the sternite (Figs. 21 and 22) of lung-containing segments and the anterior edge of the 
sternite of the segment immediately behind. Thereby the (lateral) posterior edge of the lung-
containing sternite is identical with the anterior spiracle edge. It overlaps the anterior edge of 
the sternite of the following segment, where a wide and flat slit (Figs. 22) remains in between. 
The inner, i .e. dorsal, s ide of  the anterior spiracle edge is l ined by thinner cuticle (Fig. 27) . 
However, the s ternite of  the following segment ( the pos terior spiracle edge) extends deeper 
into the atrial chamber. 
Thus the posterior spiracle edge (Figs. 21,  27, a nd Pls. 7c and 9a) is the anterior part of the 
sternite behind the lung-bearing one, and the posterior atrial wall is more or less continuous 
with the intersegmental membrane. The latter statement is confirmed through the continuum 
of t he s o-called plastron s tructures i n A mblypygi ( Weygoldt 2000) , a nd perhaps s imilar i n 
Uropygi too. Along the posterior spiracle edge there is a  shallow groove, which f its against 
the anterior spiracle edge. This groove (Figs. 21 and 25) is defined here as the posterior ‘spi-
racle edge’ s. str. of Tetrapulmonata (fine structure - see below). The poststigmaticus muscle 
is not the same in tetrapulmonates, where a muscle runs from the lateral atrium to the pleural 
wall (Börner 1904, S hultz 1993). Opening of the spiracle is achieved rather from the dorso-






Lamellae. T he one  gross m orphological c onclusion, w hich c an d efinitely be dr awn, i s t he 
orientation of the distal lamellar edges. Jeram (1990) mentioned the lamellar edges to be ver-
tical. His conclusion cannot be tested, because all the book-lung remains were extracted and 
separately deposited from the main fossil. According to Jeram a s o-called ‘annulus’ kept the 
lamellar edges in a grill-like s tructure together (Pl. 208a). Such attached l amellar edges ar e 
typical for thelyphonid book lungs but occur in scorpions too, even if more weakly expressed. 
I disagree with Jeram’s interpretation of this as an obviously ancestral character, derived di-
rectly f rom x iphosuran ancestors. S uch s trong, frame-like s tructures ho lding the  la mellar 
edges do not  occur in extant limulids, where f ree and wide (ca. two thirds of  the c ircumfe-
rence) lamellar edges are observed (Suzuki et al. 2008). 
 
Spiracles. Spiracles were not documented by Jeram and are not visible in the few fragments 
of sternites. Every discussion about those structures referring to this Pulmonoscorpius fossil 
(cf. Selden and Jeram, 1989) is highly speculative. Jeram’s (1990) reconstruction of the true 
sternite (the ventral abdominal plate – following Jeram) with a marginal spiracle requires too 
many presumptions about features, which cannot be observed. Comparison with Recent scor-
pions where all morphological structures obviously exist is preferable to vague interpretation 
of the unknown. 
 
Atrium. The at rial wall was assigned to the ‘ true’ s ternite from Jeram (1990), who assumed 
the plate-like character of the sternite. I disagree with this view, and reinterpret his sternite as 
a pa rt of  the do rsal atrial wall ( compare J eram’s: F ig. 1), which i s folded and creased. De-




Lamellate respiratory organ. Mesophonus infans (compare with Wills, 1947; Dunlop e t a l., 
2007) does not show any book-lung lamellae. There are seemingly some fine lines where la-
mellae might be expected, which are possibly the lamellar ‘attaching sites’. But this presump-
tion is very vague, since the lamellae in Recent scorpions are not  attached to the sternite di-
rectly and the lamellate respiratory organs of xiphosurans are rather dorsoventrally piled up. If 
lamellae were present (even in moults or macerated cuticle), they would sequentially increase 
the absorption of light toward the upper lamella. No such differences of light absorption were 
observed. However, in a few SEM-images of the sternite after extracting some lamellae, simi-
lar line-like remnants of lamellae were left, what supports the assumption of the former exis-
tence of book-lung lamellae in this Mesophonus fossil. 
 
Spiracles. Independent from the observation of lamellae, spiracles could be preserved in the 
Mesophonus infans sternite fragments, although this is difficult to test as well. On the lateral 
sternites many different slit-like to oval holes or perhaps doublures/bulges occur. Not a single 
one of those holes/doublures/bulges is in absolutely the same position on both preserved ster-
nal pa rts. O ne apparent bul ge-like cut icular t hickening/doublure i s p erhaps c orresponding 
with one larger hole where the bulge, which often surrounds a spiracle, might have broken out 
from the sternite. Due to this very vague structure of a supposed spiracle this observation re-
mains uncertain and needs further confirmation from other Mesophonus infans fossils. Wills’ 
(1947) interpretation of a marginal spiracle at the posterior edge of the sternite (ventral plate) 
could not be confirmed (Dunlop et al., 2007). 
 
3.1.2.3 Trigonotarbida (†) 
 
Knowledge about the trigonotarbid book lungs is very limited, due to the rare fossil remains 
of these structures. Trigonotarbid book l ungs are preserved in maybe 10 fossils world-wide, 
first mentioned by Claridge and Lyon (1961). The example (Palaeocharinus sp. - PBM 3530), 
studied here is the only absolutely exceptional fossil book lung described thus far. It contains 
the seemingly median part of  the book  lung the s tructure of  which i s di rectly equivalent to 
Recent tetrapulmonate book lungs of this body region, i.e. it appears like a cut-out (Pls. 209 
and 210) of one Recent book lung. 
 
Lamellae. The lamellae in this body region are at some distance from the sternite (Pl. 209b), 
which is unusual compared with Recent animals, and are fairly parallel to the body axis. From 
the lateral perspective of  the few lamellae i t is hard to assess the absolute orientation of the 
lamellae. A s f ar a s obs ervable with t he he lp of  3D-reconstructions t he l amellae ( Pl. 210a ) 
slope down, toward the lateral side of the animal. This observation is coherent with the Recent 
tetrapulmonate arachnids, and with scorpions (see below). Almost all preserved lamellae are 
covered/interconnected with bridging trabeculae (Pls. 209c and 210a,b; see also Kamenz et al. 
2008). It shows again the proximal location of the book-lung lamellae, which are preserved in 
this thin section. 
 
Atrium. The atrial chamber (Pls. 209c, 210b and 211) is a very narrow cavity, and the atrial 
wall lies close by the lamellar edges, without touching the latter (Pl. 209c). Except for areas 
where the atrial wall merges with the lamellar edges it is unsculptured and smooth. Just at the 
dorsal and ventral margin of the book lung, meaning above the uppermost and below the low-
est lamellae there are some structures (above ‘ventral atrial wall’, Pl. 211b), which cannot be 
recognized definitively. These are the regions where lamellae, which are perhaps out  of  the 
plane of section, fuse with the atrial wall, and their spines may continue to there. In any case, 
this would be comparable with all SEM-studies of Recent book l ungs and i t is preferable to 
regard this as an artefact rather than a special structure unique to trigonotarbids. 
 
Spiracle. The spiracle (Pl. 211a) is situated at the posterior edge of the sternite, as in all tetra-
pulmonate arachnids (Claridge and Lyon, 1961). On both spiracle edges distinct and informa-
tive structures occur which are described in detail below. 
 
3.1.3 Gross morphology of living arachnids reconstructed in 3D using 
µCT 
3.1.3.1 Comparison with histology 
 
Reconstructions ba sed o n µ CT-scans r epresent a  ne w and non -destructive m ethodology to 
investigate arachnid book lungs. The major advantage of µCT is undoubtedly the reconstruc-
tion of fully natural spatial relations of the book-lung gross morphology. µCT reconstructions 
(Pls. 13 a nd 14)  confirm a ll descriptions revealed with t raditional hi stological methods, but  
free of deformations in all three dimensions. Book-lung structures are emphasized (e.g. Pl. 12) 
as far as  pos sible acco rding to the l atest da ta. Structures, bordering the embedding material 
(Pl. 12b), are the clearest and most prominent, i.e. cuticle of the sternite, the atrial wall and the 
spiracle. The distal parts of the lamellae (Pls. 14a, b, d-f and 15 a-c) can also be recognised 
quite well, as can the atrial chamber (Pls. 13d-f and 14c, e, f), the spiracle (Pl. 14), and the 
surface of  al l ot her e xoskeleton ( Pls. 13f  and 14 d). T issues of  t he m idgut di verticulum a re 
generally, successfully suppressed in the 3D reconstruction through the selective application 
of the contrasting agent (Pl. 12b). Only small parts of the diverticulum, located very close to 
the book l ung remain visible. Another tissue is fairly prominent. This is muscular tissue (Pl. 
13a-c), which is also easy to recognize in the vicinity of the book lungs. 
One disadvantage of µCT is that often tissues, and cellular details in particular, are barely or 
not at  al l recognisable. What i s unequivocal are the a ir spaces of  the book lung, down to a  
relatively distinct threshold of the optical resolution (cf. Pl. 15e), i.e. voxel size. This is due to 
the recorded pixel size. Hence the lamellae and air sacs can be distinguished as long as the air 
sacs have approximately the size of one pixel. This means the proximal regions of the book 
lungs are often poorly resolved through being blurred in a mass of pixels of rather homogene-
ous br ightness. In these regions the margins of  t he book l ungs remain very vague. Further-
more, it is not yet possible to distinguish between cuticular and cellular or liquid components 
of the lamellae. Fluctuations of brightness within the distal lamellae (Pl. 12c) are not  corre-
lated with actual structures, but occur rather irregularly. Pillars of the lamellae have obviously 




Measurements (Pl. 17b) of two lungs in series (3rd and 4th opisthosomal segments), from one 
and the s ame animal ( Euscorpius i talicus) s how t he e quivalence of  t he lamella orientation 
within one organism. Since the book lung is a serial homologous organ (see above) it is very 
important to find the equivalence of the following segments confirmed in the measurements 
of the lamellar inclination angles. It underlines the independence of the segmental position of 
the book lung to be measured and thus eases comparisons. 
The me asurements of  the  la mellar inc lination angle thr oughout the  s corpion samples yield 
inhomogeneous results (Pl. 17b). The angles of the lamellae range between 33.8° and 75.2°.  
Within one book-lung sample of scorpions the difference between the highest and the lowest 
inclination angle is relatively low. It is maximal in Bothriurus sp., where it is 25.4°. The spe-
cies w ith lung la mellae with the s mallest a verage in clination is Chaerilus variegatus, with 
32.57°, short behind Euscorpius italicus with 34.93° and 36.57°.  Thus the almost horizontal 
orientation of the respiratory lamellae, as initially predicted from serial sections of the latter 
species, has been confirmed. At this point it is important to stress again the differences of the 
measured angles from the de facto horizontal plane with respect to the entire organism. Tak-
ing this into account the inclination angle is shallower, i.e. it is closer to the absolute horizon-
tal plane than can be measured thus far. Especially in the tetrapulmonate samples the lamellar 
inclination also changes within the book lung (Minbosius and Damon), from very s teep (al-
most vertical) to shallow (horizontal), from median towards lateral. 
 
3.1.3.3 Ontogenetic trend 
 
One more factor needs to be taken into account: the ontogenetic age of the animals. Compari-
sons were done for Liocheles australasiae (Pl. 17a). The juvenile shows a shallower inclina-
tion angle in total than the adult. The average angle calculated for the juvenile was 35.6°, and 
for the adult 57.4°. T his s ignificant di fference demonstrates the increase of  the angle of the 
distal lamellar edges with the growth of the scorpion. However such ontogenetic comparisons 
are necessary to interpret the  inclination angles, especially if  mature animals cannot be  s tu-
died from every species. This is the case here. When animals of approximately the same size 
(body length) were studied, larger species would be expected to show higher inclination an-
gles in adults than measured at juveniles. Resulting from this E. ital icus (adult) i s probably 
the scorpion species studied with the shallowest lamellae. And Heterometrus sp. (juv.), as the 
scorpion with the highest measured angles, has some potential to build book lungs with ver-
tical lamellar orientation in the adults. This is expected, since the juvenile Heterometrus had 
just moulted once and can reach body lengths of almost five times greater than the individuals 
studied. 
 
3.1.3.4 Phylogenetic implications 
 
The larger species (Heterometrus sp., N. hierichonticus, H. paucidens) studied have the book 
lungs with the largest lamellar inclination angles (Pl. 17b), already as juveniles, even if com-
pared with adult scorpions of smaller species (E. italicus, C. keyserlingi, C. nordmanni, Both-
riurus sp.). Exactly the same tendency can be drawn for certain taxa too. Thus i t is obvious 
that s corpionoid s pecies ( Scorpionoidea) a re w ithout e xception t he s pecies w ith t he l argest 
lamellar inclination angles. This is also true for the smallest scorpionoid species L. australa-
siae, which is not larger than E. italicus. According to this observation, functional constraints 
together with the body size are unlikely. What can be concluded from these results is that phy-
logenetic information can potentially be recovered from measurements of the lamellar inclina-
tion angles. Lamellar inclination angles are larger in scorpionoid species than other taxa ex-
amined thus far, and tend to be steeper within the adult animals compared to those estimated 
from juveniles. 
 
3.2 Fine structures of book lungs 
 
The present chapter represents the main focus of this work. It is devoted to the amazing diver-
sity of  cut icular s tructures ( processes) as sociated with three di fferent f eatures of  t he boo k 
lungs of  a rachnids. Three mul ti-state characters of book -lung fine s tructures (Fig. 23)  arose 
from this and were initially defined in this form by Kamenz et al. (2005). The surfaces (1), 
and the edges (2) of the respiratory lamellae and the posterior edge of the spiracles (3) offer 
differently shaped processes. Most of those processes occur in gradually differing shapes, in 
one and  t he s ame animal and also in comparisons be tween species. All observed cha racter 
states were documented in the descriptive part (below, plus figure Pls. 18-214 in the appen-
dix) and subsequently classified into multiple character s tates (see Interpretations). For u ro-
pygids and schizomids further structures/characters (Fig. 24) had to be added, which occur in 
different s tates on the anterior spiracle edge (4) and on t he ventral and dorsal atrial wall (5) 




Lamellar s urfaces. T he cuticular s urface of  t he book-lung l amellae (Fig. 23 character 1)  i s 
covered with cuticular structures, which clearly function to prevent collapse of the air space 
(air sacs). The proximal one-third to one-fifth of the lamellar surface is usually covered with 
bridging t rabeculae. Unless documented otherwise, this is t rue for all investigated arachnids 
(see also Scholtz and Kamenz, 2006). The distal two-thirds to four-fifths of the lamellar sur-
face are covered with one of  two kinds of  cuticular s tructures that are not connected to the 
adjacent l amellae (Laurie, 1896): r eticulate v enation or pa pillate t rabeculae. Venation, ob-
served in buthoid scorpions (Buthoidea) only, covers both sides of the lamellae (Fig. 29c, d). 
Papillate trabeculae (Fig. 29a, b), observed in all other scorpions (except buthoids - Buthoi-
dea), occur only on one surface of the book-lung lamellae, namely the ventral one (it is dorsal 
in tetrapulmonate lungs). This is true for the remaining area, which is not occupied by bridg-
ing trabeculae. 
 
Distal edges of lamellae. Special structures armour the distal edges of the respiratory lamellae 
(Fig. 23 character 2) towards the atrial chamber. They often work as filters of a sort hindering 
bigger particles from entering the air sacs, where they could damage the fragile lamellar sur-
face. Lamellar ed ge s tructures a re v ery di verse, but oc cur consistently i n s ome t axa w here 
they are of high phylogenetic value. The distal edge of one lamella appears as semicircular to 
pointed i n c ross s ection, w here c uticular pr ocesses oc cur onl y di rected t owards t he a trium, 
away from the air-sac interior. Those structures barely expand to the lamellar surface and are 
wholly distinct from lamellar surface structures. 
 
Spiracle. Cuticular pr ocesses of  t he s piracle pr obably r educe pe netration b y dus t pa rticles. 
Each spiracle (Fig. 18) i s a s mall c ircular, oval or  s lit-like opening to t he book l ung in t he 
sternite. It closes following relaxation of the posterior of the two lip-like edges. Especially on 
the posterior edge (Figs. 18 and 23 character 3) a unique diversity of structures was observed 
amongst Scorpiones. These structures of the posterior spiracle edge contain much information 
about t he r elationships of  s corpion t axa. The t ransition f rom the a trial w all t o t he pos terior 
spiracle edge s. str. is the same in all examined scorpions: An absolutely smooth area merges 
with the folded and warty atrial wall. In the cen tral pa rt of  t his ar ea, inwardly shallow and  
towards t he spiracle ed ge ( s. str.) subsequently l arger l obe-like or  ba r-like s tructures occur. 
Such structures are sometimes more or less distinct from the taxon-specific structures on t he 
actual spiracle edge, further outwards. But on the actual spiracle edge the cuticular processes 
cover a  wider a rea than the lobes/bars. Spiracle edge s tructures extend f rom one end of  the 
spiracle to the other. Whilst closed these structures may fill in the entire spiracle. Sometimes 
processes on the ant erior ed ge ( Fig. 23 character 4)  of  t he s piracle also occur, but a re, if 
present, mostly simple spines and seem to contain no phylogenetic information. Thus the an-
terior spiracle edge was not investigated further. 
 
Atrium. T he a trium ( Fig. 23 c haracter 5)  i s, i n a ll i nvestigated s corpion s pecies, l ined b y a  
strongly folded cuticular wall (Fig. 15). On its surface a mass of warts is regularly distributed, 
i.e. the w arts a re randomly s pread with seemingly r elatively equ al di stances t o ea ch other. 
This pattern shows no di fferences between species and thus yields no ph ylogenetic informa-




Lamellar surfaces. Viewed from the air space, the ventral surfaces of the book-lung lamellae 
of Pseudochactas ov chinnikovi are cov ered by simple pa pillate or  m ore coni cal t rabeculae 
with a  broad base (Pl. 18a). The t rabeculae are supported through fold-like r idges, merging 
with the lamellar surface. 
 
Distal edges of lamellae. Bristle-like or spine-like processes project into the atrium from the 
lamellar edges of P. ovchinnikovi (Pl. 18b). Sail-like cuticular folds are stretched between the 
lamellar edge and the bases of these spines. 
 
Posterior edge of spiracle. Extremely flattened subconical structures occur along the posterior 




Lamellar surfaces. Viewed from the air space, the distal lamellar surfaces of all buthid exem-
plars (including Microcharmus; Volschenk et al., 2008) studied during the present investiga-
tion are covered on bot h sides by reticulate venation (Pls. 19–76a). The veins are ridges that 
branch and fuse, surrounding more or less slender, polygonal surfaces. In some New World 
buthid e xemplars e xamined ( Caribetityus e lii, Microtityus r ickyi, Tityus and Zabius f uscus; 
Pls. 29a, 50a, 63–72a, 75a), the surfaces between the veins are usually polygonal and contain 
up to five parallel striations (ribs), but  become more slender towards the distal edges of  the 
lamellae. In all other buthids, they are more slender (Pls. 19–28a, 30–49a, 51–62a, 73a, 74a, 
76a), and often contain folded ridges that branch perpendicularly or wind irregularly from the 
veins. 
 
Distal edges of  lamellae. The di stal edges of  the lamellae of  buthids ( including Microchar-
mus) a re smooth to wrinkled, with larger ve ins winding a long the edges. Smooth edges are 
observed in C. elii (Pl. 29b), Centruroides (Pls. 30–34b), Grosphus hirtus (Pl. 38b), Rhopalu-
rus r ochae (Pl. 61b)  a nd Tityus (Pls. 63 –72b). More w rinkled e dges, w ith s poradic t horns, 
occur in Ananteris cussinii (Pl. 19b) , Babycurus buettneri (Pl. 24b) , Hottentotta conspersus 
(Pl. 39b) , Isometroides angus ticaudis (Pl. 41b) , Lychas (Pls. 47b, 48b ), M. rickyi (Pl. 50b) , 
Odonturus dentatus (Pl. 52b), Rhopalurus bonetti (Pl. 57b), R. junceus (Pl. 58b), R. laticauda 
(Pl. 59b), R. princeps (Pl. 60b), Tityobuthus baroni (Pl. 62b), and Z. fuscus (Pl. 75b). All other 
buthid exemplars exhibit short, strong thorns projecting at regular distances along the lamellar 
edges. 
 
Posterior e dge of  s piracle. Low hi llocks or  s ubconical s pine-like s tructures a re obs erved 
along the posterior edges of all buthid exemplars (Pls. 19–75c). These structures are rounded 
in Centruroides exilicauda (Pl. 30c), C. maindroni (Pl. 37c), Karasbergia methueni (Pl. 44c), 
Mesobuthus e upeus (Pl. 49c ), C. elii (Pl. 29c ), a nd f orm hi llocks i n G. hi rtus (Pl. 38c ), H. 
conspersus (Pl. 39c), I. angusticaudis (Pl. 41c), Isometrus (Pls. 42c, 43c), Liobuthus kessleri 
(Pl. 46c), Lychas (Pls. 47c, 48c), Orthochirus (Pls. 53c, 54c), Pseudolychas pegleri (Pl. 56c), 
R. bone tti (Pl. 57c ), R. l aticauda (Pl. 59c ), T. b aroni (Pl. 62c ), Uroplectes flavoviridis (Pl. 
73c) and Vachoniolus globimanus (Pl. 74c). The processes on t he posterior edges of the spi-
racles are spine-like and pointed in all other buthid exemplars. Data for the spiracle edge are 




Lamellar surfaces. The surface sculpturing of the lamellae of Chaerilus truncatus (Pl. 77a, cf. 
Pl. 5a, c) is similar to that observed in the New World buthid exemplars Tityus, Caribetityus, 
Microtityus and Zabius. It is characterized by reticulate venation surrounding slender to poly-
gonal s urfaces w ith i nternal s triations ( ribs) r unning pa rallel t owards t he di stal e dge of  t he 
lamella. 
 
Distal edges of  lamellae. Irregularly a rranged, pi llow-like pads, mostly covered b y a pe rfo-
rated network of veins, demarcate the distal edges of the lamellae of C. truncatus (Pl. 77b, cf. 
Pl. 5b). The pillow-like sculpturing along the lamellar edges gradually transforms into an ex-
tremely dense reticulate network of veins on the lamellar surfaces. 
 
Posterior edge of  spiracle. Subconical or  spine-like processes are observed on t he posterior 




Lamellar surfaces. The lamellae of all iurid exemplars are covered with simple trabeculae on 
the ventral surfaces (Pls. 78–83a). These trabeculae may be very flexible, as in Caraboctonus 
keyserlingi (Pl. 80a). 
 
Distal edges of lamellae. The distal lamellar edge exhibits diverse structures in Iuridae (Pls. 
78–83b). Whereas Anuroctonus phaiodactylus (Pl. 78b) and Hadruroides charcasus (Pl. 81b) 
possess flexible bristles, rigid spines are observed on the lamellar edges of Hadrurus hirsutus 
(Pl. 82b) . The l amellar edges of  C. k eyserlingi (Pl. 80b)  a re covered with a rcuate bow-like 
structures. In t he i urine e xemplars, Calchas nor dmanni (Pl. 79b ) a nd Iurus duf oureius (Pl. 
83b), meandering bulges wind along the lamellar edges and surround slender areas sometimes 
enclosing small spines. 
 
Posterior edge of  spiracle. The s tructures on the pos terior edge of  the spiracle are s imilarly 
diverse in Iuridae (Pls. 78–83c). H. charcasus (Pl. 81c) displays low hillocks and subconical 
processes, H. hi rsutus spine-like processes (Pl. 82c), and C. keyserlingi (Pl. 80c) spine-like 
processes with a tendency to branch (subtree-like). The processes along the spiracle edge of 
C. nordmanni (Pl. 79c) are broad hillocks or lobes with teeth arranged in irregular rows along 
the distal margin. 
 
3.2.1.5 Euscorpiidae and Scorpiopidae 
 
Lamellar surfaces. The ventral surfaces of the lamellae of  all euscorpiid and scorpiopid ex-
emplars studied are covered by regularly-spaced, simple trabeculae (Pls. 84–87a). The trabe-
culae are rather short in Troglocormus willis (Pl. 86a), whip-like in Scorpiops hardwickei (Pl. 
87a), or  end in a  knob-like tip in Euscorpius species (Pl. 84a). The ba ses of  t he t rabeculae 
tend to be stabilized by small, fold-like ridges continuously merging into the lamellar surface. 
Branched trabeculae occur sporadically in S. hardwickei. 
 
Distal edges of lamellae. The lamellar edges of S. hardwickei (Pl. 87b) and T. willis (Pl. 86b) 
are covered with dense, brush-like bristles. Megacormus granosus (Pl. 85b) and Euscorpius 
species (Pl. 84b) display arcuate bow-like structures, along the distal lamellar edges. 
 
Posterior edge of  spiracle. All euscorpiid and scorpiopid exemplars investigated exhibit flat 




Lamellar surfaces. The ventral surfaces of  the lamellae of  the chactid exemplars studied are 
covered by s imple t rabeculae ( Pls. 88–95a), r egularly s paced apart. The t rabeculae of  m ost 
chactid exemplars are flexible and end in a knob-like tip that is at most 1.5 times the narrow-
est diameter of the shaft. Compared with the other chactids observed, the trabeculae are rigid 
in B. granulatus (Pl. 89a). 
 
Distal edges of lamellae. The lamellar edges of most chactid exemplars (Pls. 88–95b) display 
brush-like br istles. However, the br istles are reduced to a sparse, irregular row in Nullibro-
theas allenii (Pl. 94b). Chactas (Pls. 90b, 91b) and Teuthraustes (Pl. 95b) possess bow-shaped 
processes, fusing to form complex arcuate reticulations, along the lamellar edges. 
 
Posterior edge of spiracle. Subconical hillocks are observed along the posterior edges of the 
spiracles of Broteochactas nitidus (Pl. 88c) and N. allenii (Pl. 94c). These processes are addi-
tionally armed with terminal teeth, often arranged in a row, in Brotheas granulatus (Pl. 89c), 
Chactas r aymondhansi and reticulatus (Pls. 90c , 91c ), Guyanochactas g onzalespongai (Pl. 
92c) and Hadrurochactas schaumii (Pl. 93c). These processes are somewhat elongated, with a 
flat t ip, broadened to a  c hisel-shape, i n Chactas r eticulatus (Pl. 91c ; Kamenz e t a l., 2005 ). 
Distally expanded, club-like processes are observed in Teuthraustes gervaisii (Pl. 95c). 
 
3.2.1.7 Superstitioniidae and Troglotayosicidae 
 
Lamellar s urfaces. The ve ntral s urfaces of  t he l amellae of  Alacran t artarus (Pl. 96a) ar e 
folded into small triangular, cone-like structures sometimes fusing into more complex spines. 
In contrast, t he ve ntral s urfaces of  t he l amellae of  Superstitionia done nsis and Belisarius 
xambeui (Pls. 97a , 98 a) di splay regularly s paced, pa pillate t rabeculae with bl unt, r ounded 
ends. 
 
Distal edges of lamellae. The distal edges of the lamellae of A. tartarus (Pl. 96b) are demar-
cated by m eandering bul ges, winding a long the edges, s imilar t o t he s tructures observed in 
Iurus and Calchas. These bulges leave slender areas, which may contain small spines in be-
tween. The edges of the lamellae are covered with arcuate structures, consisting of fused bow-
shaped cuticular p rocesses, in S. don ensis (Pl. 9 7b). B rush-like b ristles c over th e la mellar 
edges of B. xambeui (Pl. 98b). 
 
Posterior edge of spiracle. Flat hillocks are observed on the posterior edges of the spiracles of 





Lamellar surfaces. The ventral surfaces of the lamellae of all vaejovid exemplars studied are 
covered by simple papillate trabeculae (Pls. 99–117a), mostly ending in a knob-like tip, which 
is scarcely wider than the shaft. Single branched trabeculae are sometimes observed in Paru-
roctonus bor regoensis (Pl. 102a ), P. gr acilior (Pls. 103a , 104a ), Serradigitus w upatkiensis 
(Pl. 108a), Smeringurus vachoni (Pl. 109a), Syntropis macrura (Pl. 110a) and Vaejovis spe-
cies (Pls. 113–116a). 
 
Distal edges of lamellae. Several variations of spiny to bristly lamellar edges occur among the 
vaejovids ( Pls. 99 –117b). S piny l amellar e dges a re obs erved i n Paravaejovis pum ilis (Pl. 
99b), Paruroctonus (Pls. 100–105b), S. wupatkiensis (Pl. 108b), S. vachoni (Pl. 109b), S. ma-
crura (Pl. 110b), Vaejovis nitidulus (Pl. 115b) and V. spinigerus (Pl. 116b). More bristly pro-
jections on the lamellar edges occur in all other vaejovid species, except Uroctonus mordax 
(Pl. 112b) , and may b e fused into t hicker bundles, e .g. i n Vaejovis magdalensis (Pl. 113b) . 
The br istles on the lamellar edges of  Paruroctonus becki (Pl. 100b) , Pseudouroctonus apa-
cheanus (Pl. 106b) and Vejovoidus longiunguis (Pl. 117b) are short, and not distinctly differ-
ent f rom the t rabeculae on the ventral surface. Additionally, t hey do no t cover t he l amellar 
edges, which thus appear smooth. U. mordax is exceptional among vaejovids i n possessing 
arcuate s tructures (Pl. 112b), consisting of  fused, bow-shaped cuticular p rocesses, along the 
lamellar edges. 
 
Posterior e dge of  s piracle. T he pos terior s piracle e dge di splays a  di versity of  s tructures 
among Vaejovidae (Pls. 99–117c). Shallow hillocks, observed in P. pumilis (Pl. 99c), S. wu-
patkiensis (Pl. 108c ) a nd U. m ordax (Pl. 112c ), a re l aterally expanded i n S. w upatkiensis 
108c). Pseudouroctonus (Pls. 106c, 107c), S. vachoni (Pl. 109c), S. macrura (Pl. 110c), Uroc-
tonites huachuca (Pl. 111c), Vaejovis magdalensis (Pl. 113c), V. mexicanus (Pl. 114c) and V. 
nitidulus (Pl. 115c) possess higher, subconical hillocks on the posterior spiracle edges, which 
are often broadened to round hillocks or lobes. These structures are often secondarily covered 
by small, regularly spaced wart-like processes which are larger and thorn-like in P. reddelli 
(Pl. 107c). Massive subconical thorns without spaces cover the hillocks of U. huachuca (Pl. 
111c) creating a spiked mace-like surface. Primary subconical processes, also covered by sec-
ondary wart-like structures, occur on the posterior spiracle edges of  V. spinigerus (Pl. 116c) 
and V. longiunguis (Pl. 117c). The secondary structures are arranged in l ines or ridges from 
the base to the tip of the subconical processes in V. spinigerus. More complex processes occur 
on the posterior spiracle edges of all Paruroctonus exemplars studied (Pls. 100–105c). These 
processes are column-like and irregular in cross-section, from oval to irregular polygons with 
sharp or rounded corners. The distal end of these processes form irregular polygons with pla-
nar surfaces i n P. gracilior (Pls. 103c , 104c) and P. s tahnkei (Pl. 105c ). The processes are 
fairly regularly spaced apart and superficially resemble the hexagonal tiles observed in diplo-
centrids, l iochelids and scorpionids, but  their i rregular polygonal cross-section suggests that 




Lamellar surfaces. All bothriurid exemplars studied possess rigid, simple papillate trabeculae, 
regularly spaced apart, on t he ventral surfaces of the book-lung lamellae (Pls. 118–136a). In 
cross-section, the trabeculae are constant throughout most of their length, becoming broader 
at the base, which merges gradually into the lamellar surface. The tip of each trabecula is also 
expanded into a knob-like disc, the diameter of which is not greater than twice the diameter of 
the narrowest point of  the t rabecula, in Lisposoma e legans (Pl. 126a). The t rabeculae of  a ll 
other bothriurids possess blunt, somewhat rounded tips. 
 
Distal edges of lamellae. The bothriurid exemplars L. elegans (Pl. 126b), Phoniocercus pictus 
(Pl. 130b) and Urophonius tregualemuensis (Pl. 135b) exhibit an abrupt change from a ven-
tral surface covered by trabeculae to a smooth dorsal surface. However, in most other bothri-
urid exemplars, the trabeculae on the edge change gradually into elongated and conical spines 
or attenuated bristles (Pls. 118–125b, 127b–129b, 131b–134b, 136b). At one extreme on t he 
morphological continuum, the spines of psammophilous species such as Timogenes mapuche 
(Pl. 133b) and Brachistosternus ehrenbergii (Pl. 122b) are regularly spaced in a single row, 
and project straight into the atrium. At the other extreme, a bristly lamellar edge is observed 
in silvicolous species such as Centromachetes obscurus (Pl. 124b) and Thestylus glasioui (Pl. 
132b), w here t he s ofter, be nt br istles f orm a  de nse, br ush-like s urface along t he l amellar 
edges. The lamellae of  most bothriurid exemplars exhibit spination somewhere between the 
two extremes. The bases of the spines may also be fused to restricted ridges along the edge, as 
observed in Bothriurus burmeisteri (Pl. 119b). Branched spines occur sporadically on the la-
mellae of a few species, e.g. Cercophonius sulcatus (Pl. 125b). 
 
Posterior edge of  spiracle. The posterior edge of the spiracle is primarily covered by spine-
like processes in all bothriurid exemplars studied (Pls. 118–136c), except the two species of 
Lisposoma. These spines may b e rather short, a s i n Brachistosternus f errugineus (Pl. 123c) 
and Vachonia martinezi (Pl. 136c), or elongated and hair-like, as in Centromachetes pocockii 
(Kamenz et al. 2005). In many cases, e.g., Bothriurus chacoensis (Pl. 120c), B. coriaceus (Pl. 
121c), C. obscurus (Pl. 124c), Cercophonius sulcatus (Pl. 125c), and T. mapuche (Pl. 133c), 
the l ong spines di splay a t endency to branch. W ell-developed, b ranched tree-like s tructures 
occur al ong t he pos terior s piracle edges of  Phoniocercus s anmartini (Pl. 131c ), T. gl asioui 
(Pl. 132c) and U. iheringii (Pl. 134c). The structures on the posterior spiracle edge of Pacha-
kutej iskay (Pl. 129c) are flat, and form low hillocks or lobes. Lisposoma species (Pls. 126c, 




Lamellar surfaces. Flexible, papillate trabeculae cover the ventral surfaces of the lamellae in 
the Urodacus exemplars studied (Pls. 137a, 138a). Most trabeculae end in a knob-like tip, but 
some possess a s ingle distal, rectangular branch, the diameter of  which is narrower than the 
shaft. 
 
Distal edges of lamellae. The lamellar edges of Urodacus species are covered with brush-like 
bristles (Pls. 137b, 138b). 
 
Posterior edge of spiracle. Elongated flattened to chisel-like structures occur along the post-
erior spiracle edges of Urodacus species (Pls. 137c, 138c). These structures display irregular 




Lamellar s urfaces. The ve ntral l amellar s urfaces of  Heteroscorpion opi sthacanthoides (Pl. 
139a) are covered by papillate trabeculae. The trabeculae are mostly cylindrical, constant in  
diameter, and end in a blunt tip. Some trabeculae possess single branches of smaller diameter 
than the shaft. These branches arise rectangularly from the shaft of the trabecula. The trabecu-
lae rarely exhibit multiple branches. 
 
Distal edges of lamellae. Brush-like bristles cover the distal edges of the lamellae of H. opis-
thacanthoides (Pl. 139b). 
 
Posterior edge of spiracle. Polygonal columns or chisel-like processes occur on the posterior 
edge of  the spiracles of H. opisthacanthoides (Pl. 139c). The polygonal plates on t op of the 
processes are often inclined, such that the sides of the plates fuse with the shaft and the oppo-
site sides to create a sharp, chisel-like edge. All transitional states between the extremes de-




Lamellar surfaces. Rigid erect, simple papillate trabeculae with a cylindrical, rod-like shape 
cover the ventral surfaces of the lamellae of Hemiscorpius lepturus (Pl. 140a) and H. tellinii 
(not shown). The tips of the trabeculae are blunt and slightly rounded. 
 
Distal edges of lamellae. The cuticular projections on the distal lamellar edges of Hemiscor-
pius, e.g. H. lepturus (Pl. 140b), are rigid, almost conical, sharply pointed spines, often with 
more than one tip. At the base, these spines appear to be pierced from inside through the la-
mellar edges, and abruptly give way to a smooth edge. 
 
Posterior edge of spiracle. The posterior spiracle edge of Hemiscorpius, e.g. H. lepturus (Pl. 
140c), i s covered b y hexagonal c olumns, t he di stal e nds of  w hich a re expanded t o c losely 




Lamellar surfaces. Regularly-spaced, papillate trabeculae, each with a knob-like tip, occur on 
the ve ntral s urfaces of  t he la mellae of  a ll lioc helid exemplars s tudied (Pls. 141–155a). A s 
many as three (maximum five) rectangular branches occur each on the distal ends of the tra-
beculae in Hadogenes (Pls. 144 –146a), Iomachus pol itus (Pl. 147a ), Opisthacanthus e latus 
(Pl. 152a) and Palaeocheloctonus pauliani (Pl. 155a). The branches are narrower in diameter 
than the shaft of the trabeculae and, in the most cases, fairly short. The t ips of the branches 
may be club-like or knob-like. 
 
Distal edges of  lamellae. The l amellar edges of  all l iochelid exemplars s tudied, except Lio-
cheles species, a re densely covered with brush-like bristles (Pls. 141–155b). The bristles on 
the lamellar edges of Hadogenes (Pls. 144–146b) and I. politus (Pl. 147b) are more rigid and 
spine-like. Liocheles species (Pls. 148–151b), i n contrast, di splay arcuate s tructures formed 
by the fusion of bent cuticular processes covering the lamellar edges. 
 
Posterior edge of spiracle. All liochelid exemplars, except Liocheles, possess hexagonal col-
umns on the posterior edges of the spiracles (Pls. 141–155c). The distal ends of the columns 
are expanded into hexagonal plates (tiles) which may be so closely aligned that they form an 
almost c losed s urface of  f acets, s eparated onl y by a r egular, narrow ne twork of  gaps. Lio-
cheles species (Pls. 148–151c), however, di splay chisel-like s tructures with a broad, flat tip 
bearing several teeth in one or  more i rregular rows. The base of  these s tructures is rounded 




Lamellar surfaces. More or less rigid, simple papillate trabeculae cover the ventral surfaces of 
the lamellae of all diplocentrid exemplars studied (Pls. 156–161a). The trabeculae of Bioculus 
comondae (Pl. 156a ) a re r ather s hort c ompared with t hose of  Didymocentrus l esueurii (Pl. 
158a) and Diplocentrus mexicanus (Pl. 159a), the tips of which are broadened into a knob, at 
most twice the diameter of the shaft. 
 
Distal edges of lamellae. The lamellar edges of all diplocentrid exemplars studied are covered 
by a complex arcuate structure comprising fused, bow-shaped cuticular processes (Pls. 156–
161b). 
 
Posterior e dge of  s piracle. A ll di plocentrid e xemplars di splay columns w ith a  he xagonal 
cross-section along the posterior spiracle edges (Pls. 156–161c). These columns vary in height 
from almost flat to three times their average diameter. The distal ends of the columns are ex-
panded into hexagonal plates (tiles), often arranged side by side to form an almost closed sur-




Lamellar surfaces. The ventral lamellar surfaces of the scorpionid exemplars studied are cov-
ered by trabeculae with up to five narrower branches (Pls. 162–173a). These branched trabe-
culae occur in intermediates of more robust rod-like to thinner whip-like shape. 
 
Distal edges of lamellae. The lamellar edges of the scorpionid exemplars (Pls. 162–173b) are 
densely co vered b y b rush-like br istles, which a re more s parsely distributed on the lamellar 
edges of the psammophilous Opistophthalmus holmi (Pl. 168b) and more rigid in O. boehmi 
(Pl. 165b). 
 
Posterior edge of spiracle. Columns, which are hexagonal in cross-section cover the posterior 
spiracle edges of the scorpionid exemplars (Pls. 162–173c). The distal ends of these columns 
are expanded into hexagonal plates (tiles) which may be so closely aligned that they form an 
almost closed surface of  facets, separated only by a regular, narrow network of gaps, across 




Lamellar surface. As i n scorpions, t he book l ungs of  t etrapulmonates express two di fferent 
forms of  t rabeculae, occurring together s ide b y s ide on each lamella and  have to be clearly 
distinguished from one another. One type is exactly the same as in scorpions and comprises 
‘bridging t rabeculae’ (sensu Kamenz and Prendini, 2008;  Fig. 11) . Trabeculae of  this shape 
occur on the proximal parts of the lamellae (Fig. 24 character 1), i.e. where hemolymph enters 
the l ung. As t he na me s uggests t he t rabeculae b ridge t he cut icular s urfaces of  t he adj acent 
lamellae, keeping them apart. The ventral surface of the upper lamella is immobile and con-
nected with the dorsal surface of the lower lamella by densely located trabeculae, which are 
thus difficult to count. Due to this immobility, as well as the equal size of the trabeculae, the 
lamellae appe ar abs olutely parallel i n this r egion of  t he l ung. One ex ceptional di fference i s 
that the bridging trabeculae occur in some cases in a far wider area on the lamellar surfaces in 
tetrapulmonates than they do on scorpion lamellae. Sometimes an area of ca. two thirds of the 
lamella is covered with bridging trabeculae. 
In the distal part of the lamellae the parallel arrangement of the lamellae is not as strict as in 
the proximal parts. Trabeculae here are termed ‘papillate’ trabeculae (Fig. 29a) since one end 
is free. In this context ‘free’ refers to the fact that the t ip of this type of trabeculae is never 
connected with the adjacent lamella. Due to their length, papillate trabeculae can only limit  
decreasing di stances be tween lamellae. Increasing di stances ar e, by cont rast, not pr evented 
through the papillate trabeculae. However, diverse structures at the tips are observed in tetra-
pulmonates: knobs , di scs a nd br anches pr ojecting a t a  r ight a ngle a way f rom t he r od-like 
shaft. The latter tip structures merge with the tip structures of the neighbouring trabeculae to 
form c uticular n etworks ( Fig. 29e ), but  s ignificantly do not  f use w ith the oppos ite la mella 
wall. Knob-like t ips of  t rabeculae were observed in amblypygids, whereas ‘networked’ t ips 
occur in those uropygids studied thus far. Somewhat difficult to assess is this same structure 
in the only investigated schizomid, where it seems, as if there were networked trabeculae on 
both sides if the lamellae, with widely connected networks (see below for details). Generally 
in tetrapulmonates the ventral surfaces are plain and without ornament in the distal parts; dis-
tinct from the bridging trabeculae in the proximal parts of the book-lung lamellae. 
 
Distal edges of lamellae. At the distal margin the leaf-like lamellae (Fig. 24 character 2) are 
closed towards the air space. This closure is the lamellar edge. It is semicircular to pointed in 
cross-section. A few cell bodies accumulate within the lamellar edges. The cuticle is  some-
what thicker than on the surfaces and distinct cuticular processes arise from there. The struc-
tures on the (dorsal) lamellar surfaces differ in most species from those on the lamellar edges. 
They are rather similar in amblypygids and vary in the thelyphonids studied thus far (see be-
low). 
 
Spiracle. The s tructures on t he pos terior spiracle edge (Fig. 24 c haracter 3 a nd Fig. 25)  are 
described below, whereby the posterior spiracle edge is meant in the stricter meaning (post-
erior spiracle edge s. str., see above). Structures there differ between the tetrapulmonate taxa, 
but a re s eemingly, f airly constant for e ach thelyphonids and amblypygids ( see b elow). The 
anterior edge of the spiracle (Fig. 24 character 4) is relevant for uropygids s. lat. where those 
structures were studied extensively (below), showing a considerable variation. For amblypy-
gids data are thus far barely available. 
 
Atrium. Atrial walls (Fig. 24 c haracter 5)  o f the tetrapulmonates book l ungs a re f airly thin-
walled ( in c ontrast t o t he s ternites) ( section, F ig. 24) , but  t hus f ar not  di fferent f rom ot her 
arachnids. Compared with scorpions the atrial cuticle of the Tetrapulmonata-samples (Figs. 21 




Lamellar surfaces. The lamellar surface of amblypygids is widely covered with bridging tra-
beculae (Fig. 11). This means that the proximal regions of the lamellae extend further than in 
other arachnids, e.g. scorpions. A smaller part, i.e. about the half of the lamellar surface, may 
be cov ered w ith papillate t rabeculae ( Pls. 174-189a). P apillate t rabeculae of  amblypygids, 
studied t hus f ar, ha ve a  r od-like s hape w ith a  widened ba se a nd a  s omewhat w idened t ip, 
which can be broad and disc-like in e.g. Damon sp. (Pl. 178a). Trabeculae stand loosely and 
regularly di stributed over the lamella surface. Only the dorsal surface of  the lamellae bears 
such papillate trabeculae, like in all tetrapulmonates. The ventral surfaces of the lamellae are 
smooth and have no cuticular processes. 
 
Distal edges of the lamellae. Lamellar edges also look very uniform amongst the studied Am-
blypygi. Spines projecting directly away from the edges of  the respiratory lamellae occur at 
regular distances of about half of their lengths. The shape of the spines is very slightly conical 
with a pointed tip and a barely widened base, which merges smoothly with the lamella. Spines 
are usually longer than trabeculae, up to three times their size. They occur only immediately 
on the lamellar edges where the cuticle is thicker than on the surface of the lamellae directly 
behind. 
 
Posterior edge of spiracle. Cuticular processes covering the grove-like posterior spiracle edge 
vary from hillock-like, subconical, and spine-like through to the so-called plastron-like struc-
tures (Hebets and Chapman, 2000) . P lastron-like s tructures are subconical to spine-like and 
often also laterally somewhat flattened structures, which have straight to spirally bent, radial 
buttresses merging with their bases and surrounding the buttresses of neighbouring plastrons. 
All t he s tructures m entioned above al so occur b eside each other w ith intermediate s tates i n 
transition areas toward the atrium and the posterior sternite. 
 
Atrium. Atrial walls are lined with a thinner cuticle (Pl. 6a) than the sternites and merge with 
them on the spiracle edges (Pl. 7c). Generally they appear even to slightly creased. On part of 
the surface of the atrial walls small wart-like cuticular processes occur, which do not obvious-
ly correspond to other structures. Their distribution is restricted to areas of the atrial wall, but 
there they occur at distances, which barely vary, although they do not  form any regular pat-
tern. Toward the anterior spiracle edge there are t riangular, tip-like s tructures loosely distri-
buted in the areas where also the wart-like processes occur. The size of the tip-like processes 
is about 20-times that of the warts, a few of which also cover the tip-structures. Furthermore 
pores or perhaps sensilla could be observed with a shape of a buttock, i.e. with a cleft in be-
tween two rounded cheeks. Often, the pore is surrounded with a cuticular bulge. Atrial struc-




Lamellar surfaces. The two studied charinid species Charinus sp. and Sarax sp. have respira-
tory lamellae with simple trabeculae (Pls. 174a and 175a) on the dorsal surface. The shape of 
the t rabeculae i s c ylindric, and in Charinus sp. mostly with a di sc-like s tructure on t he t ip. 
Especially in Charinus sp. are there shallow ridges from the bases of the trabeculae merging 
with the lamellar surface, but rather with another ridge of the most adjacent trabecula. 
 
Distal edges of lamellae. In both studied charinid species the distal lamellar edges (Pls. 174b 
and 175b) are covered with spines, which are fairly short, rigid and have a rounded tip. These 
spines lie in one plane with the lamella and are directed straight into the atrium, away from 
the edge. 
 
Posterior edge of spiracle. The posterior edge of the spiracle (s. str. – see above) is covered in 
Charinus sp. (Pl. 174c) and in Sarax sp. (Pl. 175c) with spines, which stand at a distance ap-
proximately equal with their length. The shape of the spines is seemingly rather triangular and 
flattened, i.e. with a flat, oval cross-section. Obvious are the strong, and often fold-like ridges 
on the bases of those spines, which merge with the cuticular surface, but often with the ridges 
of the closest standing, spine-like structures. Furthermore, the spines appear to be somewhat 




Lamellar surfaces. Two different samples of Charon (Pls. 176 and 177) were studied, where 
the dorsal surfaces of  the respiratory lamellae are covered with simple trabeculae (Pls. 176a 
and 177a ) of  r od-like s hape. T he t ips of  t he t rabeculae a re w ithout a ny s tructures, a nd e nd 
bluntly and somewhat rounded. Sometimes shallow ridges occur at the bases. 
 
Distal edges of lamellae. Similar to charinids, in the one studied charontid the distal lamellar 
edges are covered with short conical spines (Pls. 176b and 177b). 
 
Posterior edge of spiracle. The posterior spiracle edge was observed in one of the samples of 
Charon only (Pl. 177c ). It i s covered w ith t riangular, but  flat s pines, which ha ve f old-like 




Lamellar surfaces. Simple trabeculae (Pls. 178-183a) cover the dorsal surfaces of the lamellae 
of all phrynichid whip spiders. The shape of  the t rabeculae is in all s tudied samples mostly 
cylindrical, but  often with an oval cross-section in Musicodamon sp. (Pl. 181 a), where two 
trabeculae are sometimes seemingly fused longitudinally to one broad trabecula with a thus 8-
shaped (double-cylindrical) cross-section. In all phrynichid samples the tip of the trabeculae is 
widened to a disc. 
 
Distal edges of lamellae. The lamellar edges of every investigated phrynichid sample are cov-
ered with spines (Pls. 178-183b). These spines are relatively long, compared with charontids 
and charinids, and slightly bent in one example: Phrynichus deflersi (Pl. 182b). In the case of 
the sample of M. atlanteus (Pl. 181b) some spines are seemingly paired, longitudinally fused, 
like the trabeculae too, and have a wide, 8-shaped cross-section, but a blunt tip. Euphrynichus 
bacilifer (Pl. 180b) lamellar edges also have spines, which sometimes fuse and have two or  
more tips. 
 
Posterior edge of spiracle. The samples of Damon sp. (Pl. 178c), E. bacilifer (Pl. 180c), one 
sample of P. deflersi (Pl. 182c) and P. exophthalmus (Pl. 183c) have spines on their posterior 
spiracle edges. In the case of Damon sp. these spines are relatively long in the lateral region of 
the spiracle (Pl. 178c), i.e. their length reaches almost 25 µm. Where spines occur there are 
also r idges a t t heir ba ses f using w ith t he bod y surface a nd t he r idges of  t he ne ighbouring 
spines. In the sample of  M. at lanteus (Pl. 181c) the cuticle on t he posterior spiracle edge i s 




Lamellar surfaces. The phrynid whip spiders also have s imple t rabeculae on t he dorsal sur-
faces of their lamellae (Pls. 184-189a), the shape of which is rod-like with a blunt and barely 
knob-like widened tip. Heterophrynus sp. (Pl. 185a) and Paraphrynus sp. (Pl. 186a) have tra-
beculae w ith sometimes ba sal, ridges, whereas such structures ar e m uch less de veloped in 
Phrynus (Pls. 187-189a). 
 
Distal edges of lamellae. Distally, the edges the lamellae are covered with spines throughout 
all phrynids (Pls. 184-189a). Such spines are rather slender in H. longicornis (Pl. 184b) and 
the studied Phrynus species (Pls. 187-189a), but if present, fairly short in Paraphrynus sp. (Pl. 
186b). The tips of those spines are often rounded in the cases of Paraphrynus sp. (Pl. 186b) 
and most in the Phrynus (Pls. 187-189b) samples. 
 
Posterior edge of spiracle. The structures on the posterior spiracle edge of phrynids are shal-
low, a s s ingle mountain-like pe aks i n Phrynus sp. ( Pl. 189c ), ve ry poi nted t ips w ith br oad 
base in another Phrynus sp. sample (Pl. 188c) and conical in Heterophrynus sp. (Pl. 185c). In 
Phrynus sp. (Pl. 189c) occur several root-like off-branching ridges (buttresses) at the peaks, 
which merge with the body surface. In the case of H. longicornis (Pl. 184c) the structures tend 
to be  f lat, perpendicular r idges o f unequal he ight with some peaks, but  are somewhat equi-
vocal, s ince the position of  the s tructures is uncertain. It may be  that the images were done  
rather lateral of  pleural s tructures, which extend to the spiracle edge, as was sometimes ob-
served. 
Data for Paraphrynus were not available for the thesis. 
 
3.2.2.2 Thelyphonidae (syn. Uropygi) 
 
Lamellar surfaces. The lamellar surfaces are identical within Thelyphonidae. Namely the dor-
sal surface of the respiratory lamellae is covered by trabecular structures, as in almost all oth-
er book-lung bearing arachnids too. But there is one major difference. The tips of the trabecu-
lae a re co nnected t o t he ne ighbouring on es w ith pe rpendicularly o ff-branching but tresses. 
These buttresses together build a closed network (no free ending branches occur) lying within 
one even plane, parallel w ith the l amellar surface, distant b y t he t rabeculae. Such a special 
shape of the trabeculae is typical, except for thelyphonids, also for mygalomorph spiders, as 
described from several studies (e.g. Reisinger 1990). Trabeculae of such a shape are definitely 
different from br idging trabeculae, s ince t he op posite lamella is  not  invol ved in this c om-
pound. 
 
Distal edges of  lamellae. The diversity o f t he s tructures on t he di stal edges of  t he l amellae 
involves spiny and arcuate processes, which are described below. No tendencies among the 
studied taxa can be concluded. 
 
Posterior edge of spiracle. On the posterior edge of the spiracles similar structures were ob-
served in all thelyphonids (Pl. 9a, b). These structures are a compound of spines, which sit on 
the corners of cuticular ridges. The ridges build a network and surround lowered surfaces of 
very regular polygonal, almost circular shape. However, the lowered surfaces merge smoothly 
(edgeless) with the ridges. Sometimes there are also spines s itting on t he ridges and on  the 
lowered surfaces. There seemed to be no exception from this pattern in all the examined the-
lyphonid samples. 
In many thelyphonids there are patches (Fig. 26) in the lateral region of this groove-like, post-
erior spiracle-edge (s. str.) covered with the structures actually found on the anterior spiracle 
edge. These a reas a re a pparently extensions of  the ant erior s piracle ed ge ar ound the l ateral 
ends of the spiracle. 
 
Anterior e dge of  s piracle. D ue t o t he ve ry s pecial s culpted anterior s piracle edge ( Pl. 9c ), 
which i s ve ry di stinct f rom a ll other a rachnids, t his new feature i s i ntroduced he re i nto t he 
thesis. Whereas all studied arachnids have just simple spines or no erect structures on the an-
terior edge of the spiracle, the degree of complexity of cuticular projections in the same posi-
tion i s ve ry hi gh i n t helyphonids. T heir c ompound pr ocesses r esemble ‘mushrooms’ a s t he 
most s implified a pproximation t o t heir s hape. More or  l ess m ushroom-hat-like um brellas, 
which are stalked over the surface of the spiracle edge, are common in all thelyphonids. How-
ever the ‘hats’ differ, as well as the stalks (see below). At least two different basic structures 
can be distinguished. 
 
Atrium. One more feature with far more diversity across thelyphonids than in other arachnid 
groups is the cuticle lining the atrial chamber (Pl. 10). It is generally smooth and uncreased 
(Fig. 21 and Pls. 8a, 10). At least two distinct structures were observed closer by the lamellar 
edges, which sometimes submerge with the spiracular structures, but also occur independent 
from the  la tter ( see be low). Often the s hapes of  t he at rial s tructures ar e very s imilar to the 
structures o ccurring on the a nterior s piracle edge, t oward w hich t hey continuously c hange 
outwards. In l ongitudinal s ections ( Pl. 8a ) i t c an be  s een t hat t he s piracular s tructures are 
sometimes extended deeper (Figs. 27 and 28), towards the widened part of the atrial chamber. 
On the inner part of  the  ventral wall of  the  la teral a trium s tructures of  the  anterior spiracle 
edge can occur even up to the lamellar edges (Fig. 28). However, dorsally the cuticle of the 
atrium is unstructured in wide areas. 
Otherwise, atrial structures can also be very similar with the structures on the lamellar edges, 
to which they may continue further inwards. Thus far, direct correlation with the occurrence 
of neither the one nor the other can be recognized. Detailed descriptions of the structures on 




Lamellar surfaces. Every studied hypoctonine vinegaroon has trabeculae (Pls. 190-192a) with 
apical networking branches covering the dorsal surfaces of the lamellae. 
 
Distal edges of lamellae. In the samples of Etienneus africanus (Pl. 190b) and Thelyphonellus 
amazonicus (Pl. 192b) medium sized spines cover the distal lamellar edges. These spines ap-
pear seemingly ordered in very regular rows along the edges in the case of T. amazonicus (Pl. 
192b). One sample of Hypoctonus rangunensis (Pl. 191b) bears arcuate structures on the dis-
tal lamellar edge, which continuously submerge with the networking trabeculae. 
 
Posterior edge of spiracle. H. rangunensis (Pl. 191c) and T. amazonicus (Pl. 192c) have the 
typical pattern of polygons of ridges with spines in the corners and a shallow depression be-
tween. Spines also occur on the ridges, and smaller ones on the surfaces in T. amazomicus (Pl. 
192c) too. 
So far no data are available for E. africanus. 
 
Anterior e dge of  s piracle. T he a nterior s piracle edge i s a  book -lung feature, w hich i s v ery 
variable among t he t helyponids grouped t ogether a s t he H ypoctoninae. Three s pecies w ere 
studied, e ach w ith ve ry different s tructures on t he a nterior s piracle e dge. E. af ricanus (Pl. 
190d) has average-shaped mushroom-hat-like s tructures, i .e. the umbrella and the t ip of  the 
hat a re e xpressed m oderately, c ompared with ot her t helyphonids. T he u mbrella is  s hallow, 
fairly round and with an edge bent downwards. The t ip of  the hat i s as high as the shallow 
umbrella is. The stalks of E. africanus are covered with simple spatula-like structures, which 
occur on the surface of the anterior spiracle edge, i .e. between the mushroom-like processes 
too. In the sample of H. rangunensis (Pl. 191d) equal mushroom-hats occur. Seemingly inde-
pendent from this, the s talks are covered with branches bui lding a  complex, densely woven 
network, which connects the neighbouring ‘mushrooms’ with one another. This pattern in H. 
rangunensis is ex tremely regular, as i s vi sible in a widely chessbord-like appearance of  the 
interspaces between the nets. In the third hypoctonine sample, T. amazonicus (Pl. 192d), very 
shallow ha ts occur, l ooking s omewhat pol ygonal. T hese s tand c loser t ogether m ore t han i n 
other thelyphonids. Tips barely exist at all and the stalks are short, bearing short, often bow-
like structures, which sometimes also bridge between neighbouring the stalks. 
 
Atrium. O n t he pos terior ( dorsal) a trial wall of  hypoctonines t wo di fferent s tructures were 
observed. E. af ricanus (Pl. 190e ) a nd T. am azonicus (Pl. 192e ) ha ve s tructures, which are 
similar to the mushroom-like structures on the anterior spiracle edge. Here no stalks are visi-
ble, but rather bristle-like or sometimes bow-like structures, covering the surface. These struc-
tures are seemingly covered with patches of even cuticle, sometimes looking like mushroom-
hats with a tip. H. rangunensis (Pl. 191e) di ffers t hus far, i n that ha t-like s tructures do not  
occur h ere. M oreover t he m ost bow -like a nd on ly s ometimes br istle-like pr ocesses ar e a r-
ranged in rhombus-like patterns. 
The anterior (ventral) atrial wall is  documented from H. rangunensis (Pl. 191f) only, where 
the structures a re equal to its ventral a trial w all, but w ith a s tronger tendency to spine-like 




Lamellar surfaces. The dorsal l amellar surfaces of mastigoproctines (Pls. 193-195a) ar e, as 
usual f or t helyphonids, covered with trabeculae, w hich form a ne twork of api cal br anches. 
Only sporadically are trabeculae also branched under their tips (e.g. Pl. 196a). 
 
Distal edges of  lamellae. Mastigoproctine lamellar edges differ f rom other thelyphonid taxa 
too. Two independent Mastigoproctus giganteus (Pls. 193b a nd 194b) samples show the la-
mellar ed ges covered with a complex ar cuate s tructure. Those arcuate s tructures are s ome-
times dominated from longer strands running, lifted up, along the lamellar edges (i.e. in paral-
lel to t hem). T he s traight s trings m erge continuously w ith t he ne tworking t rabeculae. 
Inconsistent with this are, however, the lamellar edges in M. proscorpio (Pl. 195b) and Uro-
proctus assamensis (Pl. 196b), which are covered with spine-like structures. Such spines are 
often branched and mixed with some bow-like structures in U. assamensis (Pl. 196b). But in 
M. pr oscorpio (Pl. 195b)  onl y s pines oc cur, w hich f orm r hombus-like ( i.e. e longated pol y-
gonal, sometimes seemingly ov al) surfaces with again smaller spines within. The rhombus-
like surfaces are stretched longitudinally along the lamellar edges. The transition toward the 
networking trabeculae on the lamellar surface is fairly abrupt. 
 
Posterior edge of  spiracle. Patterns on t he pos terior spiracle edge of  mastigoproctines (Pls. 
193-196c) are the same as in all thelyphonids. Again there are spines prerentially sitting in the 
corners of, but also on the ridges, which enclose very regular polygons within. The surfaces of 
the polygons are relatively lowered, as compared to the ridges. 
 
Anterior edge of  spiracle. In all Mastigoproctus species studied (if recorded) (Pls. 177d a nd 
178d) average-sized mushroom-hat-like structures occur on the anterior spiracle edges. Their 
stalks are covered with branches building a loose network and sometimes, arcuate structures. 
Such branches often bridge between the mushroom-like processes, but  in a  fairly unordered 
way compared to H. rangunensis (see above). U. assamensis (Pl. 196d) differs from the Mas-
tigoproctus observed in both the features, i.e. in the stalk and the hat. In U. assamensis the hat 
is often dominated by its long and wide tip, which gives it a cone-like shape, through which 
the umbrella-shape can be suppressed. The stalk is covered with simple, spatula-like to some-
times branched, horn-like structures. 
 
Atrium. Parts of the posterior (dorsal) atrial wall are covered with arcuate bows in all studied 
mastigoproctines (Pls. 193-196e). 
Except for one sample of M. giganteus data are also available for the anterior (ventral) atrium. 
This is covered with arcuate bows (Pls. 194-196f) too, i.e. especially along the lamellar grill. 
Somewhat distant from the lamellar edges patches of even cuticle occur, which are rare in M. 
giganteus (Pl. 194f) but very numerous in M. proscorpio (Pl. 195f). In the latter sample these 
patches are more mushroom-hat-like, because of tips here and there. U. assamensis (Pl. 196f) 





Lamellar surfaces. S tructures on t he lamellar surfaces occurring in the thelyphonid samples 
are consistently trabeculae (Pls. 197-203a) with networked branches at their tips. In Tetraba-
lius s eticauda (Pl. 202a) s eemingly s imple pa pillate tr abeculae s ometimes oc cur, w hich i s 
very likely to be an artefact of preparation. 
 
Distal edges of lamellae. Also in thelyphonines different structures on the lamellar edges were 
observed (Pls. 197-203b). Spines were obviously identified in one Ginosigma schimkewitschi 
(Pl. 198b), but remain hidden (Pl. 197b) in another sample of the same species. All other the-
lyphonine s amples r eveal ar cuate s tructures covering the l amellar edges. This i s s omewhat 
uncertain i n Thelyphonus c audatus, since t here w ere s pine-like s tructures f ound t oo, mixed 
with the arcuate structures. T. seticauda (Pl. 202b) and also T. caudatus (Pl. 203b) show the 
predominant t endency t o ha ve s tring-like s tructures a long t he e dges, l ike i n M. gi ganteus, 
which occur further distant from the actual edge here. 
 
Posterior edge of spiracle. The sculpting of the posterior edge of the spiracles is also consis-
tent in all studied thelyphonines (Pls. 197-203b), i.e. spines arising from ridges, which have a 
lowered pol ygonal surface in between. The spines occur preferentially in the corners where 
three ridges come together. Just as in Minbosius manilanus (Pls. 199c and 200c) there are also 
smaller spines on the polygonal surfaces. 
 
Anterior e dge of  s piracle. All s amples of  G. schimkewitschi and M. m anilanus (Pls. 197 -
201d) are the same in having mushroom-like processes with spatula-like structures along the 
stalks. Their hat is generally a little higher than wide, with a prominent, wide, cone-shaped tip 
and a  s ubordered, na rrow, but  s hallower, c one-like um rella. T hose s tructures ar e di fferent 
from those above described for T. seticauda (Pl. 202d) and T. caudatus (Pl. 203d), where the 
hat i s shallow with a subordinate t ip and the s talk is covered with arcuate s tructures, some-
times networking between the neighbouring processes, essentially similar to Mastigoproctus. 
 
Atrium. The posterior wall of  the atrium of  G. schimkewitschi and M. manilanus is covered 
with rather bristle-like processes (Pls. 197-201e), which tend to be arcuate in one sample of 
each species (Pl. 198e and 201e). In T. seticauda (Pl. 202e) and T. caudatus (Pl. 203e) clearly 
arcuate structures occur there. Except in T. caudatus, in all samples patches of even or  mu-
shroom-like tipped cuticle were observed. 
Data for the anterior (ventral) atrium are incomplete in T. seticauda and for one example of 
both G. schimkewitschi and M. manilanus were not available. Structures revealed in G. schim-
kewitschi (Pl. 197f) and M. manilanus (Pl. 200f and 201f) are inconsistent in M. manilanus, 
since t he t ypical arcuate s tructures are replaced with simple br istle-like s tructures and  m u-
shroom-hats in one sample. It may be due to the different position of this structure, which is 
arcuate at the lamellar edges and changes toward the spiracle edge into the structures occur-





Lamellar surfaces. Only two samples of one species (Typopeltis crucifer) and T. dalyi were 
studied within the Typopeltinae. The trabeculae (Pls. 204-206a) on the dorsal lamellar surfac-
es are the same here as in every other thelyphonid species, connected into a network through 
apical branches of the trabeculae. 
 
Distal edges of lamellae. On the lamellar edges (Pls. 204-206b) spines were observed, in T. 
crucifer (Pls. 204b and 205b) arranged in rhombus-like or polygonal surfaces, with longer and 
seemingly branched spines along the edges of the rhombus. Even though these structures look 
similar to those of M. proscorpio, the rhombuses/polygons here are much less elongated. The 
arrangement of spines in T. dalyi is without secondary pattern (Pl. 206b). 
 
Posterior edge of spiracle. The posterior spiracle edge is the same as in all other thelyphonids 
(Pls. 204-206c). Spines dominate the view, which arise from the corners of ridge-surrounded, 
regular polygonal depressions. More than one tip (mostly three) often occurs. 
 
Anterior edge of  spiracle. Similar to Ginosigma, Minbosius and Etienneus the processes on  
the anterior spiracle edge in Typopeltis samples are mushroom-like, with a higher conical hat 
in T. dalyi (Pl. 206d) and a shallower hat, with distinct tip in T. crucifer (Pls. 204d and 205d), 
whereby the stalk is covered with simple, spatula-like structures. 
 
Atrium. Posterior atrium structures are bristly and brush-like, rather than really spine-like (of-
ten branched), as observed in T. crucifer (Pls. 204e and 205e) but more arcuate in T. dalyi (Pl. 
206e). Also in T. crucifer the tendency towards arcuate structures is visible. 
On the anterior (ventral) a trium the same s tructures as on the posterior a trial wall were ob-
served in one T. crucifer sample (Pl. 204f). Data from the other sample are not available. T. 
dalyi (Pl. 206f ) h as r ather short, mushroom-like s tructures, with simple spatula-like projec-




One sample of  Schizomida was investigated through serial sectioning, another by SEM, but  




Lamellar surfaces. The lamellar surface of the only schizomid studied is apparently covered 
on both sides with trabeculae (Pls. 207a, 11a, b, c, e, f, h, i). This is not only true in the prox-
imal regions of the book lungs, but also on the distal part. But there is one significant differ-
ence, which distinguishes the proximal and the distal parts of the lamellae. Whereas the trabe-
culae i n t he proximal book-lung pa rts br idge be tween the t wo adjacent l amellae, like i n all 
other investigated lung-bearing arachnids, it is much more complex in the distal parts. On the 
distal s urfaces a re r od-like t rabeculae, s eemingly c onnected w ith t he ne ighbouring one s 
through buttresses, branching off apically. Such trabeculae recall the networking trabeculae in 
thelyphonids. Although there is a  major di fference compared to thelyphonids, since the net-
worked but tresses a ppear t o s erve bot h t he t rabeculae, i .e. f rom bot h t he a djacent l amellar 
surfaces, a s t he apical ne twork (Pl. 11e). Nevertheless, i n some regions of  t he s ections (Pl. 
11f, i) the networks of the adjacent lamellae are seemingly independent (thelyphonid pattern), 
confirmed through SEM (Pl. 207a), and in others, the major part there is a network interlock-
ing the adjacent l amellae i nto a  r igid compound. This i s pe rhaps a lso t he r eason why book  
lungs were so difficult to prepare for SEM-studies. 
 
Distal edges of lamellae. Structures covering the lamellar edges toward the atrium are likely 
to be arcuate bows (Pls. 207b, 11f, i), looking like loops in sections. 
 
Posterior edge of spiracle. The three-dimensional structure of the cuticular processes on the 
posterior s piracle e dge i s unc ertain. In t he l ongitudinal s ections t hose s tructures l ook l ike 
backwards-directed spines (Pl. 11a, b, c, g). Since 3D-reconstructions are missing this cannot 
clearly be described. SEM-data are not available. 
 
Anterior edge of spiracle. On the anterior spiracle edge of the only studied schizomid struc-
tures (Pl. 11b, c, g) occur which arise straight from the surface and branch perpendicularly at 
the tips. These structures can also not be unequivocally described from sections alone. Finally 
these branches could belong to a network of arcuate bow-like structures, but could also be a 
hat-like umbrella like that of thelyphonids. SEM revealed pad-like structures (Pl. 207d) recal-
ling the mushroom-like hats of  the thelyphonids, but  consisting of  an even and t ip-less um-
brella. A few ar cuate-like s tructures w ere obs erved t oo. T he t rue n ature of t hese s tructures 
remains uncertain, due to the incomplete data. 
 
Atrium. On the s urface of t he cut icle lining the at rial cha mber, arcuate s tructures were (Pl. 
11a, b, c, g, h, i) observed. They are situated ventral (Pl. 11h) and dorsal (Pl. 11i) of the book-
lung lamellae. Even on t he posterior atrial wall (Pl. 11b, f , h, i) such structures occur, along 
with the lateral horn (Pl. 11b, c, g) of the atrial chamber. A few micrographs reveal lobe-like 
structures (Pl. 207e) between the arcuate structures further inwards and the patches of the um-
brella-like pa ds a t t he anterior spiracle edge. This i s pe rhaps a t ransition s tructure, but  t his 
needs confirmation. 
 
3.2.3 Analysis of fossils 
 
The three fossils, included in this thesis by virtue of retaining book lungs, yield very different 
results. Book-lung remains of Pulmonoscorpius are very informative, due to the good preser-
vation of  parts of  the lamellae, or  at least their distal edges, which are documented and de-
scribed w ith S E-micrographs be low. T he s ternal pa rts of  Mesophonus infans (specimen as-
signed as ‘ E’ by W ills, 1947)  were r estudied without a ny pos itive r esult. A lthough t he 
preservation of the sternal parts looked fairly good, no book l ungs or parts of book lungs ex-
isted in the mounted slide (see above). However, analysis of the trigonotarbid book-lung sec-





Fossil f ragments of  s ome di stal l amellar e dges o f t he book l ungs of  Pulmonoscorpius con-
tained the di stal e dges o f s ome respiratory la mellae, which s tuck t ogether, he ld b y the s o-
called annulus (Jeram, 1990). Intact lamellar edges were observed, as well as opened lamel-
lae. Partly obvious i s the way the lamellae and air sacs al ternate. In other parts those s truc-
tures cannot clearly be distinguished. The exact position of the fragment within the book lung 
is equivocal and any attempt to determine this would be speculation. 
 
Lamellar surfaces. Numerous bridging trabeculae are present within the air sacs. Like in Re-
cent scorpions, bridging trabeculae (Pl. 208c, d) are spaced very regularly, but relatively nar-
row com pared to their l ength. The c rystalline s tructure o f t he s ilicate m eans t he t rabeculae 
often appear very thick and irregular in shape. Nevertheless these s tructures are definitively 
trabeculae, since they occur in strict layers between two surfaces with a larger space (hemo-
lymph space of  t he l amella) i n between. Sporadically s imple papillate t rabeculae occur (Pl. 
208d), a nd e ven s tructures, w hich c an be  a ssigned t o cellular pi llars, ha ve a pparently b een 
preserved within the opened lamellae (Pl. 208d). 
 
Distal edges of lamellae. Some edges of the book-lung lamellae (Pl. 208a) of Pulmonoscor-
pius are obvi ously vi sible. T his i s not  a lways t he c ase f or t he s culpting of  t he l amellae. In 
very wide areas there the crystalline s tructure o f the  s ilicate over lies a ll morphological fea-
tures. Jeram (1990) envisaged a few book-lung lamellae with holes (Pl. 208b), which are si-
tuated apically on/in the lamellar edge. Those holes measure ca. a half of the thickness of one 
lamella in diameter and occur in isolation, with smallest distances apart being ca. the diameter 
of one hole. Jeram (1990) precluded bases of setae/spines, which were perhaps broken out of 
the lamellar edge. Actual setae were never observed in the present study. Other regions of the 
fragments co ntain v ery regular s tructures on t he lamellar e dges, w hich l ook l ike pol ygonal 
areas (Pl. 208e, f) surrounded from bulges. Within such polygons clusters of spine-like struc-
tures sometimes occur. The structure recalls the edges of the Recent Iurus and Calchas. Due 
to t he c ommon oc currence of  c omparable pol ygonal s tructures e verywhere on a rachnid c u-






Lamellar surfaces. Most of  the surface of  the book-lung lamellae in the Palaeocharinus sp. 
section is covered with bridging trabeculae (Pl. 209c). This is due to the median location of 
the book-lung area, which was sectioned from the chert. In a few very small areas simple pa-
pillate t rabeculae ( Pl. 209c ) w ere obs erved, s tanding on t he dor sal s urface of  t he l amellae. 
Their tips are blunt without any obvious sub-structures, like discs or branches. Since no other 
fossils of trigonotarbids contain trabeculae with this level of preservation, no alternative ob-
servations are known to date. 
 
Distal edges of lamellae. Many spines (Pl. 209c and appearing very short in the smoothened 
3d-reconstruction of Pl. 210) occur on the distal edges of the lamellae. As in other arachnids 
(scorpions, a mblypygids, m esothelid s piders – Haupt, 2003) , t hese s pines a re s traight a nd 
slender, conical, and project away from the lamellar edges and air-sac entrances respectively. 
 
Spiracle. On the posterior edge of the spiracles the cuticle is covered with shallow ridges (Pls. 
211a, 212). These ridges are unfused, with slight bows or angles, which form rhombic areas 
in between. Such structures were also observed on other areas of the body surface of Rhynie 
trigonotarbids. H owever t he a nterior e dge of  t he s piracle i s c overed with ve ry na rrow-
standing, spine-like cuticular processes. Automatic 3D-reconstructions make them appear as  
simple s pines ( Pl. 212b)  onl y, w hich s eems t o be  di fferent f rom t heir a ppearance i n l ight-
micrographs. From t he microscopical vi ew t he spines on t he a nterior s piracle e dge e ither 
seem t o br anch di stally, or  di scs oc cur on t heir tips. Both t hese oppor tunities ne eded t o be  
confirmed by other trigonotarbid fossils, since those structures are not known. At least, both 
the s tructures c ould o ccur t here w ith qui te pl ausible e xplanations. B ranches on t he t ips a re 
coherent with arcuate structures in the atrium, which also occur in thelyphonids and araneo-
morph s piders, but  a re e xtended t o t he a nterior s piracle e dge. O n t he ot her ha nd di sc-
structures, similar to the mus hroom-like a ppearance o f t he t ypical t helyphonid, pi ne-tree 
structures (see below) could be expected there too. Since the structures are very thin their pre-
cise recognition is not unequivocal using light microscope techniques. Other methods (SEM, 
µCT) cannot successfully be applied to the crystalline chert matrix. 
 
Atrium. Two different regions of the atrium in Palaeocharinus book lungs contain structures, 
which differ from the smooth cuticle. First is the ventral atrial wall, between the anterior spi-
racle ed ge and the be ginning of  t he l ower l amellar ed ges. Anterior s piracle edge  s tructures 
seem to continue there, but look more clearly like being branched to arcuate. The second re-
gion of  t he l ung section (dorsal a trium) with distinct s tructures is  s ituated above the  do rsal 
end of the lamellar edges. Cuticular processes on  the atrial wall there are seemingly arcuate 
bows too. Independent from the dorsal and the ventral atrial wall regions the posterior atrial 
wall (opposite of the lamellar edges) is without structure, even and smooth. 
 
3.2.4 Outgroup: Xiphosura 
 
Lamellar s urfaces. O bservations on j uvenile Limulus pol yphemus samples w ith a f ull com-
plement of gills showed an absolutely even lamellar surface (Pl. 213a), without any cuticular 
processes. 
 
Distal edges of lamellae. The lamellar edges of L. polyphemus (Pl. 213b) bear real hairs/setae, 
which are distinct from being just cuticular processes as in arachnids by being anchored deep-
ly within the lamellar edges (Pl. 214b). At their base the cross-section of these hairs is circu-
lar, which changes closer to the distal end of  the hair to a  f lattened oval. Moreover the f lat 
surfaces of  the hairs are extended through two rows (Pl. 213f) of feather-like off-branching 
spines, which are directed distally. 
 
Structures on t he appe ndage. S piracle a nd a trial s tructures do not  e xist i n L. pol yphymeus. 
With respects to the lamellate respiratory organ (gills) a few structures on the dorsal surface 
of t he pl ate-like app endage w ith t he e ndopodite c ould pos sibly be  hom ologous t o s piracle 
structures of arachnids. On the posterior edge of the appendage hairs/setae (Pl. 213c) of a flat-
tened shape occur. These setae are clearly not simple cuticular processes like the structures on 
the s piracle e dges o f a rachnids. Larger, but  f airly s hort, a nd f lat s etae ( Pl. 213c ) w ith t wo 
rows of  s pines c over pa rts of  t he e ndopodites. These s etae c ome out  of  t he c uticle, c learly 
distinguishable from simple cuticular outgrowths as in arachnids. The third form of  setae is 
trumpet-shaped (Pls. 213c, e) occurring in clusters on the endopodites. Other structures were 
not observed. 
The corresponding part of the appendages (i.e. the ventral side), or the cuticle on the articula-




3.3 Interpretation of cuticular structures and character defini-
tion 
3.3.1 Lamellar surfaces 
3.3.1.1 Scorpiones 
 
Character states: 1- simple trabeculae, 2- branched trabeculae, 3- slender venation, 4- ribbed 
venation 
 
The distal lamellar surfaces of scorpions may be covered by two distinct kinds of structures 
(character 1;  Fig. 29): r eticulate v enation or pa pillate t rabeculae. D istal, in the s ense us ed 
here, refers to the main part of the lamellar surface, distinguishing it from the surfaces along 
the proximal edges of the air sacs (Fig. 5), where the adjacent lamellae are connected through 
bridging trabeculae. Each structure exhibits two different states, resulting in four states for the 
character: simple trabeculae (state 1); branched trabeculae (state 2); slender venation (state 3); 
ribbed venation (state 4). Ribbed venation is a new state introduced by Kamenz and Prendini 
(2008), and not previously defined by Kamenz et al. (2005). 
Two forms of cylindrical, rod-like trabeculae were previously described from Kamenz et  al . 
(2005). Simple papillate trabeculae (state 1) are observed in most non-buthid scorpions. These 
trabeculae are blunt or knob-like apically. Branched papillate trabeculae (state 2) are slender 
columns with as many as five narrower branches apically. 
Slender venation (state 3), first described by Kamenz et al. (2005), consists of branching, reti-
culate veins, which enclose s lender areas di rected towards the lamellar edges. Ribbed vena-
tion (state 4), identified here for the first time, is characterized by veins surrounding polygon-
al s urfaces, w hich ar e br oader t han t he s urfaces cha racteristic of  s tate 3 but be come 
consistently more slender near the distal lamellar edges. Each polygonal surface contains up 




Character states: 1- simple trabeculae 
 
Simple papillate trabeculae were found on the dorsal surfaces of the distal lamellae in all in-





Character state: 5- networked trabeculae 
 
The trabeculae on the (dorsal) surface of the lamellae of all thelyphonids are invariably spe-
cial in having branches at the tips of their rod-like shaft, which always connect them with the 
next-standing ones. These together form a complex network (without loose ends) in one sin-





Character state: 5- networked trabeculae, 6 – fused networked trabeculae 
 
The s tructures oc curring on t he l amellar s urfaces of  t he s chizomid a re c learly i dentified as 
networking t rabeculae, s tate 5. F used ne tworks would need to be  confirmed, if t reated as a 
separate character state. What appears to be a fusion of such networks may be an intermediate 
state towards the bridging trabeculae. In the case of wider extension it may be justified scor-
ing it a s a distinct character state: 6 – fused networking trabeculae. Histological sections re-
main equivocal as to whether it is really a case of fusion, or just a close contact. Resolution of 
this question requires detailed studies of further schizomids. 
 
3.3.1.5 Pulmonoscorpius (†) 
 
Character state: 1- simple trabeculae 
 
A few structures on the lamellae of the book lungs of Pulmonoscorpius are clearly assignable 
to simple papillate trabeculae (character state 1), even if they occur relatively seldom. 
 
3.3.1.6 Palaeocharinus (†) 
 
Character state: 1- simple trabeculae 
 
Despite all the bridging trabeculae on the lamellar surfaces, as is typical for the proximal sur-
face r egion of t his s ection (compare w ith Recent ar achnids, above), a f ew s imple pa pillate 
trabeculae in the lamellae of the book lung of Palaeocharinus are clearly coherent with – cha-
racter state 1. 
 
3.3.2 Distal edges of the lamellae 
3.3.2.1 Scorpiones 
 
Character states: 1- bristles, 2- spines, 3- thorns, 4- smooth/wrinkled, 5- meandering, 6- ar-
cuate bows, 7- padded 
 
Structures on the lamellar edges (character 2)  differ s ignificantly from those on the lamellar 
surfaces and are restricted to the immediate edge of the lamella (Fig. 30). Although a grada-
tion is sometimes observed from structures on the lamellar surfaces to those on the lamellar 
edges, the change is usually rather abrupt. Seven di fferent s tates of  lamellar edge s tructures 
can be distinguished, six of which were described by Kamenz et al. (2005): bristles (state 1); 
spines ( state 2) ; thor ns (state 3) ; s mooth/wrinkled (state 4 ); me andering (state 5) ; arcuate 
bows (state 6). Padded structures (state 7) were added from Kamenz and Prendini (2008). 
The f irst three s tates of lamellar edge s tructures are s imilar. Bristle-like (state 1)  and spine-
like structures (state 2) have narrow bases, are rather thin, and taper slightly at the ends. Both 
structures oc cur on l amellae c overed b y t rabeculae, but  a re r eadily di stinguished f rom t he 
shorter, more cylindrical t rabeculae. W hereas br istles ar e s oft and flexible, spines are r igid 
and straight. Bristles point in all directions and are often grouped tightly together around the 
semi-circular pa rt ( cross-section) o f t he l amellar ed ge. S pines a re us ually arranged al most 
parallel, projecting away in the same plane as the lamella. The third state of similar structures, 
thorns (state 3), are rather short and usually exhibit a broad base. Thorns arise from wrinkled 
venation and occur more sporadically along the lamellar edges than spines. 
Venation often merges with a smooth or sometimes wrinkled (state 4) lamellar edge. Howev-
er, wrinkles may be very deep and are clearly d istinct f rom meandering structures (state 5) , 
which occur together with trabeculae on the lamellar surfaces. Meandering structures consist 
of more or less slender areas winding along the lamellar edges, surrounded by winding, raised 
bulges, sometimes enclosing groups of small spines. 
The remaining states of lamellar edges are quite different from one other and from all others. 
Arcuate bows (state 6), the ends of which merge with the lamellar edge to create a complex, 
irregular reticulate vault, are always observed together with trabeculae on the lamellar surfac-
es. Flat o r pi llow-like p ads ( state 7 ), observed only i n Chaerilus, cover t he l amellar ed ges 




Characters states: 2- spines 
 
Without exception s pines ( character s tate 2)  cover t he e dges of  t he l amellae of  t he s tudied 
amblypygid book lungs. These observations are based on a larger sampling density and verify 
the pr ovisional c onclusions a bout l amellar e dge s tructures oc curring i n a mblypygids pr e-




Character states: 2- spines, 6- arcuate bows, 8- spiny rhombuses, 9- strands 
 
Spines (character state 2) and arcuate bows (character state 6) occur on the lamellar edges of 
thelyphonid species. Two further structures were observed too, which probably derive some-
how f rom one  another. In t he two sample species M. proscorpio and T. crucifer spines ar e 
arranged in rhombus-like surfaces, what I define as character state 8 – spiny rhombuses. The 
new character state 9 refers to arcuate bows, which build strands running along (i.e. in paral-
lel) t o the l amellar ed ges, character s tate 9 – strands. T his w as obs erved i n M. gi ganteus. 




Character state: 6- arcuate bows 
 
The s tructures occurring at the l amellar edges in the s tudied schizomid are clearly identical 
with character state 6 and are treated as such, although data from more specimens, preferably 
studied with SEM would be helpful to confirm the one sample. 
 
3.3.2.5 Pulmonoscorpius (†) 
 
Character state: 10- bulged polygons 
 
The lamellar edge structures of Pulmonoscorpius’ lungs are distinct from all other structures 
occurring in Recent arachnids. The most similar comparison is perhaps the meandering bulges 
of Iurus and Calchas. The pattern of spines within the polygons is somewhat s imilar to the 
spiny polygons of thelyphonids too. As long as there are no other structures, which are inter-
mediate w ith the one  o r the  other I prefer t o define t his as  a s eparate character s tate 10 – 
bulged polygons. 
 
3.3.2.6 Trigonotarbida (†) 
 
Character state: 2- spines 
 
Exactly t he s ame as  t he s tructures on  t he l amellar ed ges of  amblypygids ( see above) t he 
spines on the distal lamellar edges of the Palaeocharinus book lung is unequivocally charac-
ter state 2. 
 
3.3.3 Posterior edge of the spiracle 
3.3.3.1 Scorpiones 
 
Character states: 1- hillocks, 2- subconical, 3- hair-like, 4- flattened, 5- scaly, 6- chisel-like, 7- 
hexagonal tiles, 8- tree-like, 9- subtree-like, 10- polygonal columns, 11- club-like, 12- spiked-
mace-like 
 
The posterior spiracle edge (character 3) exhibits the greatest diversity of different structures 
(Fig. 31). Twelve character states, five of which (states 8–12) were described for the first time 
by Kamenz and Prendini (2008), can be clearly defined: hi llocks (state 1); subconical (state 
2); hair-like (state 3); f lattened (state 4); scaly (state 5); chisel-like (state 6); hexagonal tiles 
(state 7) ; tr ee-like ( state 8) ; s ubtree-like ( state 9 ); pol ygonal c olumns ( state 10) ; c lub-like 
(state 11) ; spiked-mace-like ( state 12) . The f irst three character s tates ar e s imple processes, 
the others more complex structures containing distinct substructures. 
Kamenz e t a l. (2005) described s imple cuticular processes on  the pos terior edge o f the spi-
racle, r anging from s mall, s hallow hi llocks ( state 1) , t hrough s ubconical pr ocesses t hat are 
higher t han wide ( state 2), t o ve ry l ong, ha ir-like processes ( state 3) . Kamenz e t a l. (2005) 
described lobe-like, flattened processes, the tips of which vary from a single blunt end to sev-
eral pointed t ips, a s s tate 4. T he f lattened s tructures described b y K amenz e t a l. (2005) a re 
sometimes br oadened, and ove rlap one  a nother, l ike s cales ( state 5) . C hisel-like s tructures 
(state 6)  are characterised by a ne arly c ylindrical s haft w ith a f lattened tip, bearing a few 
teeth. The flattened, s caly and chisel-like s tructures a ppear t o be  poi nts on a  c ontinuum o f 
variation. 
The he xagonal pi llars ( state 7) , described by K amenz et  al . (2005), a re here r enamed h ex-
agonal tiles to avoid confusion with the pillar cells inside the lamellae (Scholtz and Kamenz, 
2006). This amended term refers to the regular arrangement of each hexagonal plate in a par-
ticular surface, and the very regular, joint-like gaps between them. The height of these struc-
tures varies from almost zero, when only the hexagonal plates are visible, to about five times 
the diameter of the plate. The more slender shaft is usually cylindrical to hexagonal. 
Tree-like s tructures (state 8) , i .e. s pine-like to  ha ir-like cut icular pr ocesses w ith several 
branches, are observed on the posterior spiracle edge of the bothriurid scorpion, U. iheringii. 
Structures on the posterior spiracle edge of the bothriurids, C. obscurus and T. mapuche, ex-
hibit similar outgrowths, but the branches on these structures are short and thorn-like. These 
subtree-like s tructures ( state 9)  ma y be  a n intermediate s tep in the tr ansformation between 
subconical and tree-like structures. 
The structures on the posterior spiracle edge of Paruroctonus are superficially similar to hex-
agonal t iles (state 7) . However, the apical plates of these s tructures are smaller, irregular in 
shape, and almost as wide as the shaft, and do not all lie in the same plane. The gaps between 
the plates are much larger and less regular than in state 7. These structures, not considered to 
be homologous with the hexagonal tiles, are termed polygonal columns (state 10). 
A unique, distally expanded club-like structure (state 11) is observed on the posterior spiracle 
edge of  Teuthraustes. A nother uni que s tructure, a  s piked m ace, s haped l ike a  hi llock t o a 
somewhat f lattened s tructure densely covered by subconical thorns (state 12), was observed 




Character states: 13- buttressed spines (plastron - Hebets and Chapman 2000) 
 
On the pos terior spiracle ed ge o f am blypygids s pines occur ( character s tate 2) , which have 
buttressed root-like bases, appearing as an intermediate structure between spines and the so-
called pl astron s tructures ( cf. H ebets a nd C hapman, 2000) . In f act t he occurrence of  t hose 
posterior spiracle edge structures (s. str.) are often somewhat blurred with cuticular structures 
of the atrial wall, the pleural wall and the sternite behind the spiracle. The ‘plastron’ structures 
are probably an extension of the surface of the pleural wall structures into the atrial chamber. 
There it continues the function of the plastron (Thorpe and Crisp, 1947), which maintains an 
air layer held on the surface of the pleural cuticle under water. However, it serves the oxygen 
transport t owards t he a ctual pl ace of  g as e xchange ( Thorpe a nd C risp, 1947)  i n c ase of  a  
flood. These spines with basal root-like structures (buttresses) are what I interpret as plastron-
structures i n t he s ense of  H ebets a nd C hapman (2000). T his i nterpretation ha s unc ritically 
been accepted from Weygoldt (2000) too. I define this as character state 13 on t he posterior 
spiracle ed ge, which was obs erved in gradual di fferences i n every a mblypygid s amples, a t 
least at the transition area from the posterior edge s. str. toward the inner atrium. But because 
‘plastron’ i s a b etter d escription f or t he f unction of  t hose s tructures, r ather t han f or t heir 




Character states: 14- interspine depression 
 
All thelyponids have the same pattern of spines, sitting on r idges, which surround (circular) 
depressions along the posterior spiracle edge (s. str.). It is significantly different from all other 
character s tates l isted previously. The new character s tate 14 – interspine depression – best 




Character state: indet. 
 
Assessment of  the s tructures on t he spiracle edge only via histological sections is relatively 
difficult (cf. Pavlovsky 1926). The spiracle edge appears saw-like in the sections. The third 
dimension is vital to reveal the full structure and speculation at this stage would be premature. 
 
3.3.3.5 Palaeocharinus (†) 
 
Character state: 15- angled ridges 
 
The structures on t he posterior edge of  the spiracles of  Palaeocharinus are distinct from all 
observed structures occurring in Recent arachnids. Hence a n ew character state 15 is defined 
as angled ridges. 
 
3.3.4 Anterior spiracle edge 
3.3.4.1 Scorpiones 
 
Character state: 1– sharp edge, 2– spines 
 
Although no phylogenetic information can be recognized in the structures on the anterior spi-
racle amongst Scorpiones this character is added here (Fig. 32) in order to complete the com-
parative analyses with Tetrapulmonata, yet needs further examination within scorpion sam-
ples. There are occasionally structures on the anterior spiracle edge, spines were observed in a 
few buthid species (e.g. Mesobuthus) and Euscorpius, without being documented. Unless the 
anterior edge is a m ore or  less sharp edge, perhaps the plesiomorphic state, i t represents the 





Character states: 2- subconical – spines 
 
In a mblypygids s pines w ere obs erved onl y as c uticular pr ocesses oc curring on t he a nterior 
spiracle edge. Those s tructures were not  yet documented, because of  their low phylogenetic 




Character states: 3- mushrooms, 4- networked mushrooms 
 
The anterior spiracle edge of the Thelyphonida samples is always covered with very characte-
ristic s tructures, which h ave not  been explicitly described be fore. Such s tructures appear t o 
have been first recognized by Börner (1904). Such projections are composed of subunits look-
ing like mushrooms, with a hat and a stalk, but additional branches along the stalks. The hats 
can vary a lot: there a re very f lat ones, others are curved o r very pointed and cone-shaped. 
Often a wider umbrella is distinct from the pointed tip. On the stalks occur simple, blind end-
ing branches with a  spatula-shape or arcuate s tructures, the latter of  which sometimes build 
networks with the branches of the neighbouring stalks and others from the surface of the ante-
rior spiracle edge. In any case the umbrella is also involved in such an arcuate network, and 
hence cannot be distinguished as it. 
A very confusing level of  variation, including all conceivable t ransformations of  such basic 
mushroom structures, needs to be characterised into two clearly definable features. The first 
one i s t he ‘ simple’ m ushroom, w ith j ust bl ind ending br anches. It i s c haracter s tate 3 –
mushrooms. A nd t he s econd c haracter s tate, a s defined he re, i s a m ushroom-like s tructure, 
which has arcuate branches along the stalks, often appearing as one network enveloping the 




Character state: 4- networked mushrooms 
 
The structure on the anterior spiracle edge in schizomids is difficult to assign. These are very 
flat pads with some arcuate structures beneath, recalling the networked mushrooms of thely-
phonids as the best approximation. I assign it, with some reservations, to character state 4. 
 
3.3.4.5 Trigonotarbida (†) 
 
Character state: indet. 
 
The s tructures on the an terior spiracle edge of  Palaeocharinus cannot unequivocally b e as-





Character states: 0- unstructured cuticle, 1- warts 
 
All scorpions studied are identical in having wart-like structures on the strongly folded atrial 
wall. This character (Fig. 33) is added here only in order to complete the character state list, 
since significantly different structures occur in the book-lung atrium of some tetrapulmonate 
arachnids. Warts ar e cha racter s tate 1. A s mooth, unsculptured surface o f t he at rial w all i s 
probably plesiomorphic. Nevertheless only structures arising from this wall are counted here 
as character states, since they have the potential to be homologous, hiding a similar or perhaps 
the same ontogenetic expression. Developmental s imilarities for even, uns tructured surfaces 




Character states: 1- warts, 2- pointed tips 
 
Small w art-like c uticular pr ocesses, a s i n s corpions, a nd l arger t riangular t ipped s tructures 
were observed in amblypygids. The pointed tip-structures have not been described before and 
are treated as character state 2. Damon sp. is the only genus, where they have been recognised 




Character states: 3- arcuate bows, 4- bristles, 5- mushrooms, 6- networked mushrooms 
 
Although most parts of  the atrial wall are even and unsculptured some prominent structures 
on the atrial walls occur in thelyphonids. These atrial structures are similar to the structures on 
the e dges of  t he book -lung la mella, but of ten rather f limsy. Two different c haracter s tates 
were di stinguished. One r efers t o arcuate bow s, treated here as  ch aracter s tate 3. Character 
state 4 is termed bristles, since it is almost equal with the bristly lamellar edges, but often with 
more branched, bristle-like processes. Both these sorts of structures occur in elongated, bush-
like accumulations around polygonal surfaces, sometimes on somewhat elevated ridges. 
Another t wo character s tates ar e add ed to complete t he character s tate l ist. These s orts o f 
structures are known from the anterior spiracle edge of thelyphonids and extend onto the atrial 
wall too. They are mushrooms and networked mushrooms, character state 5 a nd 6, w hen re-
ferring to atrial structures. Due to the fact that these structures are often merge with the struc-
tures named as at rial character s tates 3 and 4 in wide regions of the atrium, it is difficult to 
determine the occurring character state unequivocally. Especially the mushroom hats are de-
formed or  submerge with arcuate structures. Nevertheless I want to avoid adding more cha-




Character states: 3- arcuate bows 
 
Atrial s tructures of the only schizomid sample are seemingly, equivalent to the arcuate bow 
structures ( character s tate 4) , oc curring i n s ome t helyphonids ( see a bove) a nd of ten i n t he 
lungs of entelegyne spiders (Moore, 1976; Hexter; 1982; Reisinger et al., 1990; Felgenhauer, 
1999). Lobe-like structures also occur, but are interpreted as intermediate between the anterior 
spiracle edge structures and the arcuate bows close to the lamellar edges. 
 
3.3.5.5 Trigonotarbida (†) 
 
Character states: 3- arcuate bows 
 
Structures on the a trial wall of  the  Palaeocharinus book l ung a re a pparently a rcuate bow s 





Character states: 1- encircled slit, 2- buttock-like 
 
Independent of the descriptions of cuticular projections from the cuticle, there were also sim-
ple pores and sensilla (Fig. 34) observed here and there. For these structures no doc umenta-
tion was carried out, since the cuticular processes are in the main focus of the thesis, characte-
ristic for certain book-lung features (see above). Two different types of sensilla were observed 
in the course of this thesis. These structures were not documented in the descriptive part, but 
could be of some interest too. 
The first sensillum-type is not much more than a short slit, which is surrounded with a some-
times groove-like ring. This r ing is of ten very shallow or  completely missing. Such sensilla 
were m entioned i n s corpions a nd a mblypygids in t he a trial chambers, i .e. w ithin t he a trial 
wall. These are defined here as sensilla-type 1 - encircled slit. 
Furthermore sensilla of a buttock-like shape could be observed, i.e. with a cleft in between of 
two rounded cheeks. Often such a sensillum is surrounded with a cuticular bulge. It occurs in 





4.1 Gross morphology 
 
Generally a ll mor phological de tails, such as pi llars w ithin the la mellae, attachments of t he 
lamellae, coupling of the book lung to the vascular system including the overlying fenestrated 
membrane, and the subdivision of the book lungs into spiracle, atrium and air sacs, are iden-
tical across all arachnids (above). Comparisons of the literature (e.g. Kästner, 1929 and 1940; 
Weygoldt, 2000; Mac Leod, 1884, S choltz and Kamenz, 2006) with the present results con-
firm t his, e specially t hrough t hree-dimensional µ CT-reconstructions. Lamellar or ientation 
differs from the perhaps ancestral conditions found in Limulus polyphemus (see Suzuki et al., 
2008), where the lamellae a re pi led up straight. The change to more vertical lamellar edges 
was perhaps reversed in scorpions (see below). 
However, the most crucial point of the discussion about the gross morphology is the different 
position of trabeculae on t he opposite surfaces of the lamellae in scorpions and Pantetrapul-
monata. µCT-studies on 11 scorpions, one amblypygid and one thelyphonid did not support 
my initial hypothesis that the lamellae might conceivably have rotated. The respiratory lamel-
lae are arranged in stacks pi ling up towards the lateral in all arachnids studied. Furthermore 
the orientation of a single lamella is, with exceptions in the lateral region of the book lung of 
Pantetrapulmonata, always s loping downwards, towards the lateral s ide of  the body. Excep-
tions i n tetrapulmonate a rachnids a re onl y du e t o t he f act t hat t he book -lung s tack reaches 
very high along the pleural wall, where the lamellar orientation subsequently changes. Over-
all, lamellar orientation within Arachnida is identical. Thus different trabecular positions can-
not be explained by the rotation of the book-lung lamellae, but more likely by the divergent 
reduction of the trabeculae within Arachnida (see below). 
One ot her r emarkable p erspective r esulted f rom t he g ross m orphological s tudy, s upporting 
results from examinations of the fine structure. This is the trend that the lamellar edges of the 
Scorpionoida are more vertical than in other scorpion species studied. The steep lamellar in-
clination i s pe rhaps pl esiomorphic f or s corpions t oo, c hanging i n de rived t axa (Stockwell, 
1989; Soleglad and Fet, 2003). If it is as outlined above, the lamellae gradually adopted more 
horizontal positions in derived scorpion taxa, although this requires confirmation among Bu-
thidae. T ogether w ith t he pl esiomorphic o ccurrence of  br anched t rabeculae a nd he xagonal 
spiracle-edge structures (see below) the lamellar orientation may reveal, as one of three cha-
racters, the plesiomorphic book-lung morphology of Scorpionoida. 
 
4.2 Book-lung fine structure in historical context 
4.2.1 Scorpiones 
 
In the last hundred years or so, only two studies (Laurie, 1896; Pavlovsky, 1926) investigated 
and compared the morphology of scorpion book lungs across a range of families, while a few 
earlier w orkers ( e.g., Lankester, 1883;  Berteaux, 1889)  s tudied l ung m orphology i n a  m ore 
limited sample of taxa. Laurie (1896) studied 22 species in 21 genera, while Pavlovsky (1926) 
expanded hi s s tudy t o 3 5 s pecies i n 31  genera (Table 1) . A lthough the se hi storical s tudies 
were in many ways at the cutting edge of research, the extent to which they can be compared 
with the present study is, unfortunately, rather l imited. Obviously, both authors were reliant 
on the optical equipment available at that t ime. Many of the character s tates revealed in the 
present study cannot be properly observed (if observed at all) with standard histological tech-
niques and light microscopy. It is thus not surprising that with the present application of SEM 
new ch aracter s tates ha ve be en di scovered a nd/or i nterpretations r evised. Laurie a nd P av-
lovsky w ere also limited by th e species the y h ad available, leading them to generalizations 
about characters and their distribution in taxa. The present use of multiple exemplars for de-
termining the distribution of  character s tates across higher taxa is vastly superior to making 
assumptions based on one or only a few representatives. 
In spite of these advances, and their implications for comparisons with earlier literature on the 
subject, several observations made by previous authors can be confirmed here, e.g. reticulated 
lamellae in all buthid scorpions. Lankester (1883: pl. 81) was the first to demonstrate ‘reticu-
late ornaments’ through precise drawings. Reticulation was subsequently reported sporadical-
ly in the literature (e.g., Berteaux, 1889; Kaestner, 1940; Rödl et al., 1989), misinterpreted by 
Peters (1969), in transverse sections, as papillate trabeculae covering both sides of the lamel-
lae, and was eventually included in the first quantitative analysis of scorpion phylogeny: the 
unpublished Ph.D. thesis of Stockwell (1989). However, the two distinct types of reticulation 
on the lamellar surfaces of buthids and chaerilids (Pls. 29c, d, 19 -77a) were not  recognized 
prior to the present study. 
Trabeculae were first described by Lankester (1883: p. 378) , who observed that reticulation 
occurred in combination with ‘punctate ornament in the periphery of the … lamella’. Lanke-
ster w as pr obably referring t o br idging t rabeculae ( Fig. 10) , which a ppear a s poi nts w hen 
viewed from above, but it is unclear what he meant by ‘periphery of the lamella’. ‘Proximal’ 
is preferred here to emphasize the occurrence of bridging trabeculae primarily in the anterior 
to medial areas of the lamellae (Fig. 12), where the book-like respiratory organs of all chelice-
rates, including xiphosurans, are flooded with hemolymph. As in Scholtz and Kamenz (2006), 
this pr oximal r egion is interpreted as s ymplesiomorphic f or the  ( terrestrial) a rachnid taxa, 
although that may not at first be suggested by the development of arachnids with internalized 
book lungs. 
Berteaux (1889) was the first to identify and distinguish branched trabeculae (Fig. 29b), pro-
jecting into the air space in a scorpionid, Heterometrus cyaneus (as Scorpio indicus), as com-
pared t o t he s imple, unbranched t rabeculae of  ot her s pecies ( Fig. 29a ). T his c haracter s tate 
was not  not ed a gain unt il t he pr esent s tudy, w here i t w as c onfirmed i n a br oader group of  
taxa, i ncluding s corpionids ( Figs. 162 –173a), l iochelids ( Figs. 144 –147a, 152a , 155a ), a nd 
urodacids (Figs. 137a, 138a). Pavlovsky’s (1926) observations of the occurrence of reticula-
tion ( ‘chitinous ne twork’) on one  s ide a nd t rabeculae ( ‘chitinous c olumellae’) on t he ot her 
side of the lamellae of Calchas nordmanni could not be confirmed here: in this species only 
the usual covering of trabeculae was observed. 
Criticism can be raised against some of the terminology and observations proposed by Laurie 
(1896) and accepted, apparently uncritically, by Pavlovsky (1926). The terms ‘spinous lamel-
la’ (sensu Laurie, 1896) or ‘barbate lamina’ (sensu Pavlovsky, 1926) are too imprecise to be 
informative. T he di stinct ki nds of  cuticular pr ocesses on  t he l amellar edges w ere not  m en-
tioned from these authors, nor was a distinction made between the trabeculae (Fig. 29) and the 
structures on the lamellar edges (Fig. 30), as in the present contribution. The terms ‘barbate’ 
lamellar edges and ‘spinelets’ were applied as vague, all-encompassing descriptors of diverse 
bristles (Fig. 30a), spines (Fig. 30b)  and thorns (Fig. 30c), some of  which are probably not  
homologous s tructures, and were com pared w ith ‘arcade’ ( sensu Laurie, 1896)  or  ‘ arcuate’ 
(sensu Pavlovsky, 1926) lamellar edges (cp. Fig. 30f). The edges of the reticulated lamellae 
have a lso poor ly b een c haracterized f rom Laurie (1896), a lthough hi s do cumentation of  a r-
cuate structures was, with one exception, confirmed in the present study. The ‘arcade’ struc-
tures on the lamellar edges of Iurus dufoureius noted by Laurie (1896) are probably misinter-
pretations of histological sections. 
The importance of the cuticular protuberances on the ‘posterior margin of the stigmata’ (post-
erior spiracle edge, character 3)  was f irst recognized by Pavlovsky (1926: p. 135) , who de-
fined six distinct states for this character: (1) ‘smooth margin … (to) slightly ruffled’; (2) ‘tu-
berculate ma rgin’; ( 3) ‘ columellar ma rgin’; ( 4) ‘saw-edge, in s ection resembling a pi cket-
fence with triangular protuberances’; (5) ‘barbate margin with fine sharp spines’; (6) ‘stumpy 
margin with chaetoids in the shape of columellae widening towards the end’. Unfortunately, 
such a precise definition was not provided for the surfaces and the edges of the lamellae. A 
smooth edge was not  observed in the present s tudy. However, Pavlovsky’s (1926) ‘ ruffled’ 
(1) and ‘tuberculate’ (2) states, and probably also his ‘saw-edge’ (4) state, are comparable to 
the ‘hillocks’ state (Fig. 31a) described in the present thesis and previously, as state 1 of cha-
racter 3, b y K amenz e t a l. ( 2005). P avlovsky’s (1926) ‘ columellar m argin’ ( 3), ‘ saw-edge’ 
structures ( 4), a nd pr obably hi s ‘ barbate m argin’ ( 5), c orrespond t o t he l arger ‘ subconical’ 
state described in this thesis (state 2 of character 3; Fig. 31b). The more rounded ‘subconical’ 
structures a re not  di stinguished f rom poi nted s pines i n t his t hesis ( Fig. 31b). T he a ttention 
here is also focused on secondary structures like teeth on the ‘chisel-like’ processes (state 5 of 
character 3; Fig. 31f), which could not have been observed in histological sections with light 
microscopy, but ar e cl early vi sible us ing S EM. Pavlovsky’s character s tate ( 5) al so corres-
ponds to the ‘hair-like’ structures described by Kamenz et al. (2005) as state 3 of character 3 
(Fig. 31c). It is not clear whether Pavlovsky (1926) recognized the hexagonal tiles of scorpio-
nids and l iochelids, but  his character state (6), ‘stumpy margin’, is presumably synonymous 
with the present state 6, ‘hexagonal tiles’ (Fig. 31g), which are only recognizable as hexagon-
al in the transverse section of the so-called ‘chaetoids’; taxa missing from Pavlovsky’s (1926) 
studies. 
In c onclusion, a lthough present obs ervations and i nterpretations of  character s tates on  t he 
posterior edge of  the spiracle depart somewhat from those of  earlier workers, there i s much 
overlap. Advances in the documentation and interpretation of these structures would not have 
been possible without the aid of  modern techniques such as SEM, allowing visualization of  
the complete, three-dimensional structure, which was not possible 80–120 years ago. 
 
4.2.2 Tetrapulmonate arachnids 
 
Similar publications to the detailed comparative studies of scorpion book lungs (Kamenz et al. 
2005; Kamenz and Prendini, 2008) are not known for all tetrapulmonate arachnids. Previous 
morphological descriptions focused on spiders (e.g. Kästner, 1929). Only a handful of studies 
and textbook contributions discuss the morphology of book lungs, often of only one species, 
from arachnid taxa in general (Mac Leod, 1880; Vogt and Yung, 1889; Laurie, 1894; Wey-
goldt, 2000; Haupt, 2003; Kästner, 1940). Detailed comparative observations of the fine struc-
ture of pulmonate arachnids other than scorpions (Laurie, 1896; Pavlovsky, 1926) and spiders 
have not  be en publ ished. S tudies b y B erteaux ( 1889), B örner ( 1904), H aller ( 1912) a nd 
Kästner (1929) contain some useful information about the lung f ine s tructure, but  only of  a  
few species each. This data is assembled together with other sources in Table 2. 
Aranaeomorph spiders a ppear i n a ll descriptions as having the s ame l amellar surface s truc-
tures as character state 1 of character 1 in the present thesis (Fig. 29a), although the terminol-
ogy is not coherent, since every author used different names for the simple papillate trabecu-
lae: ‘ Trabekel’ ( Peters, 1969) , ‘Haare’ ( Vogt and Yung, 1889 ), ‘ hairs’ ( Hexter, 1982) , 
‘Stiftchen’ (Kästner, 1929), ‘struts’ (Schmitz and Perry, 2000) and ‘spigots’ (Moore, 1976). 
Nevertheless these structures are identical in their morphology. One exception is the observa-
tion of ‘verzweigte Härchen’, which ‘verfilzen’ (Vogt and Yung, 1889) referring apparently 
to the s tructures on the lamellar e dge, rather tha n to the r egular la mellar s urface c overing. 
Furthermore the trabeculae were not recognizable by Bertkau (1872) who described them as 
‘Körnchen’ ( granulation), pos sibly due  t o l ooking ont o t he l amellar s urface, l acking t rans-
verse sections. Disc-like widenings on the tips of the trabeculae were recognized from Moore 
(1976) using SEM. The lamellar edges of aranaeomorph spiders were only described by Vogt 
and Yung (1889) as ‘frei’, i.e. unsculptured. All other authors observed arcuate bows (if im-
aged or  described; cf. Fig. 30f ), but  again named individually: namely ‘palisade marginale’ 
(Berteaux, 1889) , ‘ netzartig ve rflochtene S äulchen’ ( Kästner, 1929) , ‘ hair f using t o l oops’ 
(Hexter, 1982), ‘mesh surface filter’ (Moore, 1976) and ‘Reuse’ by (Peters, 1969). 
Mygalomorphae w ere o bserved less f requently compared t o Aranaeomorphae. There w ere 
also t rabeculae obs erved, but  of  t he n etworked f orm (cf. F ig. 29 e, ne w character s tate 5 of 
character 1 i n t he pr esent s tudy), c alled ‘ Stiftchen m it ve rbundenen S eitenzweigen’ b y 
Kästner (1929) in Atypus pictus. Peters (1969) mentioned trabeculae in Grammostola sp., but 
paid no a ttention t o t heir t ips, w hich a re pr obably ne tworked t oo. Berteaux ( 1889) di d not  
mention any trabeculae in the descriptions of the lungs of Mygale, which are obvious in his 
excellent plates (showing networked trabeculae). The lamellar edge s tructure i s only known 
from Grammostola sp. (Peters, 1969), where arcuate structures (‘Reuse(n)’) occur. 
One study is known from Haupt (2003) concerning the book lungs of mesothelid spiders (Me-
sothelae). Liphistius malayanus and L. trang have simple trabeculae on the lamellar surfaces 
and spines on the lamellar edges, whereby data were taken from images in the absence of de-
tailed descriptions of the respiratory organs. These data are consistent with my personal ob-
servations of the slides of Dr. Haupt (cf. Scholtz and Kamenz 2006). No data published about 
structures on the spiracle edge of spiders were available. 
Data of the book-lung fine structure of other tetrapulmonates (Amblypygi, Uropygi) are very 
rare and were ga thered here. O ne s tudy f rom Börner ( 1904) pr oposed s ome ge neral s tate-
ments, where he observed ‘Härchen’ on t he lamellar edges of amblypygids, drawn in an ex-
ample of  Tarantula palmate. Simple t rabeculae can clearly be identified therein, and spines 
occur on its lamellar edges. Weygoldt (2000) showed simple trabeculae on the lamellar sufac-
es and spines on the lamellar edges in an imaged section of Phrynus marginemaculatus, with-
out explicit descriptions of these book-lung structures. In the same species images of the but-
tressed spines on t he posterior spiracle edge were displayed by Weygoldt, and interpreted as 
so-called plastron s tructures. Since ‘plastron’ is preferrently used for the functional descrip-
tion rather than for their shapes, this term is not adopted in the present thesis. Similarly vague 
information as for the amblypygids is to get out of the descriptions of thelyphonid book-lung 
morphology by Börner (1889), who mentioned the networked trabeculae, which were named 
‘arkadisch verbundene Haare’ by him. The networked trabeculae on the lamellar surfaces oc-
cur t ogether w ith doubl e-tipped s pines on t he edges i n a  dr awing of  Thelyphonus k lugi. 
‘Bäumchenartige Haare’ on the anterior spiracle edge were also recognized by Börner (1904), 
perhaps for the first t ime. In the present thesis ‘mushroom’ (Fig. 32c, d) is used to describe 
these structures, due to its larger range of variation, which is covered by this term. According 
to Laurie ( 1894) ne tworked t rabeculae and s pines a re confirmed t hrough t he dr awings, but  
were not mentioned in the text. Peters (1969) confirmed the presence of ‘Trabekel’, lacking 
further images or descriptions. 
With respect to fossil arachnids, Claridge and Lyon (1961) mentioned that book lungs existed 
more than 400 m illion years ago in Trigonotarbida samples, but gave no further information 
about their fine structure at this point. Kamenz et al. (2008) revealed structures in these fossil 
lungs still occurring in modern arachnids. No other studies mentioning fine structural details 
of fossil lamellate respiratory organs are known. 
The same as for scorpions is also t rue for tetrapulmonate arachnids: the results largely con-
firm the data of earlier workers, but  modern methods today allow much more detailed reas-
sessments of the book lung fine structures. 
 
4.3 New Phylogenetic Insights 
4.3.1 Scorpiones 
 
Lamellar surfaces. Two distinct types of reticulate venation (ribbed vs. slender; Figs. 29c, d) 
occur on the lamellar surfaces of Buthidae (Table 3). The presence of both types of venation 
in t he di verse N ew W orld but hid g enus Tityus (Pls. 63 -72a) s uggests t hat t his g enus a nd, 
hence, the New World buthids may be basal and paraphyletic with respect to the Old World 
buthids, a possibility raised by others (Fet et al., 2003; Coddington et al., 2004). Two species 
of Tityus studied during this investigation (T. bahiensis and T. serrulatus, Pls. 64a, 71a) pos-
sess a state that appears to be intermediate between the two types of lamellar venation in Bu-
thidae (Pl. 19-76a), implying a transformation series from ribbed to slender venation. These 
species of Tityus may share a more recent common ancestor with the Old World buthids than 
with the other Tityus species studied, which show a ribbed venation pattern similar to that of 
the New World buthid exemplars of Caribetityus, Microtityus, and Zabius (e.g., Pls. 29a, 50a, 
75a). 
Slender venation (Fig. 29c) is observed in all Old World buthids, for which it is hypothesized 
to be synapomorphic. Slender venation also occurs in Microcharmus (Pl. 76a), confirming a 
widely held opinion (e.g., Coddington et al., 2004; Prendini and Wheeler, 2005) that Micro-
charmidae renders Buthidae paraphyletic and should be synonymized with the latter. This was 
indeed recently formalised by Volschenk et al. (2008). 
Chaerilus, often considered to be the sister-group of all non-buthid scorpions (Lamoral, 1980; 
Coddington et al., 2004), possesses the same ribbed venation (Pl. 77a) as the New World bu-
thid exemplars of Caribetityus (Pl. 29a), Microtityus (Pl. 50a), and Zabius (Pl. 75a), and most 
Tityus exemplars ( Pls. 63a , 65 -70a, 72a ), l ending further s upport t o t he hypothesis t hat t he 
New World buthid assemblage may be basal and paraphyletic with respect to the Old World 
buthids. The presence of  r ibbed venation in Chaerilus may also support S tockwell’s (1989) 
hypothesis that Chaerilus is the sister-group of Buthidae or ‘Buthoidea’. Alternatively, Chae-
rilus must ha ve a cquired t his ve nation i ndependently. A s ister-group r elationship be tween 
Chaerilidae and Buthidae, based on lamellar venation, would, however, exclude the enigmatic 
Pseudochactas, since the lamellar surface of this remarkable genus (Pl. 18a) bears no similari-
ty to either type of buthid venation. The structures on the ventral lamellar surfaces of Pseudo-
chactas resemble t he t ypical t rabeculae of  non -buthid s corpions a nd pr obably r epresent t he 
plesiomorphic condition for scorpions, based on their occurrence in other arachnids. As with 
several other characters (Prendini et al., 2006), the lamellar surface structure of Pseudochac-
tas neither confirms nor  refutes Soleglad and Fet’s (2003) p roposal that pseudochactids are 
the sister-group of all other Recent scorpions. 
Viewed from the air space, the ventral lamellar surfaces of the remaining non-buthid scorpion 
families (Bothriuridae, Chactidae, Diplocentridae, Euscorpiidae, Hemiscorpiidae, Heteroscor-
pionidae, Iuridae, Liochelidae, Scorpionidae, Scorpiopidae, Superstitioniidae, Troglotayosici-
dae, Urodacidae and Vaejovidae) a re covered with branched or s imple, papillate t rabeculae. 
Although t ruly branched t rabeculae onl y occur i n S corpionidae and Liochelidae ( Pls. 162 –
173a, 144–147a, 152a, 155a), a  tendency for the trabeculae to branch occurs in all Scorpio-
noidea s. str. (i.e., excluding Bothriuridae, Pls. 137-173a), suggesting that branched trabecu-
lae a re s ynapomorphic f or S corpionoidea s. str. A m ore pl ausible explanation, how ever, i s 
that br anched t rabeculae a re pl esiomorphic i n S corpiones or  i n non -buthid s corpions. 
Branched trabeculae m ay have evol ved from t rabeculae t hat i nterconnect or  br idge t he ai r 
space between adjacent lamellae, and a re r etained in t he proximal r egion of  t he book l ung, 
while d etaching f rom o ne l amellar s urface i n t he di stal r egion of  t he book l ung. F olds or  
ridges on the ventral sides of the trabeculae could be retained as branches. Similar conditions 
are obs erved i n m ygalomorph s piders (Reisinger e t al., 1991) , a nd ur opygids ( see be low), 
where the branches are fused to a network between the trabeculae. 
 
Distal edges of lamellae. Considerable variation is observed in the shape of the lamellar edges 
(Table 3). Thorny, smooth and wrinkled lamellar edges (Fig. 30c, d) occur in buthids, almost 
always coincident with venation. Smooth and wrinkled edges (e.g., Fig. 30d), with a gradation 
of i ntermediates, a re ob served i n all but hid s pecies w ith r ibbed s urface ve nation ( e.g., P ls. 
29a, 50a, 63-72a, 75a), but also in some buthids with slender venation (Pls. 19a, 24a, 30-34a, 
38a, 61a). Although thorns are observed only in buthids with slender venation, it is difficult to 
identify a group, for which this state might be apomorphic. The smooth to wrinkled lamellar 
edges app ear to be pl esiomorphic in buthids. The lamellar edges of  Chaerilidae, a  pot ential 
sister-group of Buthidae, are exceptional in possessing pillow- or pad-shaped structures (Fig. 
30g and Pl. 77b), unlike those of other scorpions, and thus apparently autapomorphic. How-
ever, dense reticulation, close to the lamellar edges (Pl. 77b) of chaerilids, resembles similar 
venation in New World buthids such as C. elii and T. as thenes (Pls. 29b, 63b) , further evi-
dence o f a  b asal pos ition for New W orld buthids and pa rticularly Tityus species within the 
buthid clade, and also for a potential sister-group relationship between Chaerilus and the bu-
thids. 
Bristles and spines on the lamellar edges (e.g., Fig. 30a, b) differ from thorns in being longer 
and more slender, as well as in possessing a weaker, narrower base than the thorns. Bristles 
are typically more curved and flexible than spines, which are rather straight and rigid. These 
structures occur in most non-buthid scorpions, including a ll exemplars of  Bothriuridae, He-
miscorpiidae, Heteroscorpionidae, Pseudochactidae, Scorpionidae, Scorpiopidae, Troglotayo-
sicidae, a nd U rodacidae, a nd h ave also be en obs erved i n m esothelid s piders ( Haupt, 2003;  
pers. obs .), mygalomorph spiders (pers. obs .), amblypygids and uropygids (Scholtz and Ka-
menz, 2006). Bristles and spines are therefore probably plesiomorphic in scorpions. Spines or 
bristles on the lamellar edges a re p resent in all liochelids except Liocheles (Pls. 141-147b, 
152-155b), and in all vaejovids except Uroctonus (Pls. 99-111b, 113-117b). The absence of  
spines m ay b e a utapomorphic i n bot h genera. The a bsence doe s not  s upport S oleglad and 
Fet’s (2003, 2004)  t ransferral of  Uroctonus (Pl. 112b)  to Chactidae, however, as spines are 
present in most Chactidae, and also in Anuroctonus (Pl. 78b), Soleglad and Fet’s (2003, 2004) 
putative sister-group of Uroctonus. Although most chactid and iurid exemplars possess spines 
or bristles on the lamellar edges (e.g. Pls. 86-88b, 92-94b, 78b, 81b, 82b) , two euscorpiid ge-
nera do not (Pls. 84b, 85b). The affinities of Troglocormus with Scorpiopidae, pointed out by 
several authors ( Soleglad and Sissom, 2001;  S oleglad and Fet, 2003 ) a re c onfirmed b y t he 
similarity of the structures on their lamellar edges (Pls. 86b, 87b). 
Meandering lamellar edges ( Fig. 30e ) ar e obs erved i n onl y t hree genera a mong t he t axon 
sample investigated for this study: Alacran (Supersitioniidae) (Pl. 96b), Calchas (Pl. 79b) and 
Iurus (Pl. 83b) (Iuridae). These structures may be synapomorphic for Calchas and Iurus and 
evolved independently in Alacran, or synapomorphic for all three genera. 
The lamellar edges of all diplocentrid exemplars (Pls. 156-161b), most euscorpiid exemplars 
(Pls. 84b, 85b) , some chactid exemplars (Pls. 90b, 91b, 95b) , Caraboctonus (Pl. 80b)  ( Iuri-
dae), Liocheles (Pls. 148-151b) (Liochelidae), Superstitionia (Pl. 97b) (Superstitioniidae) and 
Uroctonus (Pl. 112b) (Vaejovidae) are covered by arcuate structures (Fig. 30f), which appear 
to ha ve e volved i ndependently s everal t imes, p erhaps i n a ssociation w ith a  de velopmental 
constraint. 
Little i s know n a bout t he de velopment a nd regulation, f rom t ranscription of  t he e ncoding 
genes to outgrowth of cuticular structures like spines or bristles on the lamellar edges. Sanetra 
et a l. ( 2005) pr ovided a  f ew m odels of  how  s uch pr ocesses c ould be r egulated. Epigenetic 
effects in book-lung development have not  been described either. Accordingly, a ll explana-
tions for the distribution of such characters in scorpions are speculative. The possibility that 
such s tructures m ight be  a ssociated with e nvironmental c onditions l ike t he h umidity of  th e 
microhabitat is also plausible, but remains to be tested. 
 
Posterior edge of spiracle. The processes observed along the posterior spiracle edge are often 
variable. Different types may occur with transitional stages along a single posterior edge. The 
character must therefore be scored for the state that is observed at the center of the posterior 
edge and contacts the anterior edge of the spiracle on closing. 
The most t ypical s tructures on  the posterior spiracle edge of  scorpions are s imple, cuticular 
processes, t he s hape o f which va ries from s hallow hi llocks t o s ubconical or  poi nted s pines 
(Table 3;  P ls. 20 -64c, 6 6-75c, 81c , 82c , 84 -88c, 95c , 97 -99c, 108c , 112 c, 118 -125c, 128 -
136c). S uch pr ocesses a re a bsent i n Pseudochactas (Pl. 18c ), s uggesting t hat t hey m ay be  
synapomorphic for other scorpions, and hence that Pseudochactas may be basal among Re-
cent Scorpiones, as proposed by Soleglad and Fet (2003). On the other hand, their widespread 
occurrence in all other scorpion families, in amblybygids, and roughly as those in uropygids, 
could imply that they are plesiomorphic, and that absence (‘loss’) is autapomorphic for Pseu-
dochactas. 
Elongated hairs (e.g., Fig. 31c) and other, more complex structures (e.g., Fig. 31d-l) occur less 
often, and are probably derived from this generalized condition. One extreme shape among 
the structures observed on the posterior spiracle edge is the very regular hexagonal tiles (Fig. 
31g) that occurs in all scorpionids, diplocentrids, hemiscorpiids, and l iochelids (except Lio-
cheles) that have been investigated (Pls. 140-147c, 152-173c). The chisel-like structures (Fig. 
31f) obs erved i n ur odacids a nd Liocheles ( Pls. 1 37c, 138c , 149 -151c) m ay b e i ntermediate 
states between the simple subconical or spine-like structures (Fig. 31b) of other scorpions and 
the hexagonal tiles of other scorpionoids, whereas the chisel-like structures of Heteroscorpion 
(Pl. 139c) appear to be very similar to the hexagonal tiles, and may represent the penultimate 
step in a t ransformation series. If that were the case, hexagonal t iles would represent a  syn-
apomorphy f or all s corpionoid f amilies e xcluding H eteroscorpionidae and U rodacidae, f ol-
lowing Prendini (2000), with an autapomorphic reversal in Liocheles. An alternative hypothe-
sis i s t he pl esiomorphic na ture of  t he he xagonal s tructures on t he pos terior s piracle e dge, 
which perhaps are inverted hexagonal structures occurring in eurypterids (Manning and Dun-
lop, 1995). This perspective would support the branched trabeculae as plesiomorphic lamellar 
surface structure amongst Scorpiones. 
The sporadic occurrence of flattened and chisel-like structures is enigmatic. Flattened struc-
tures (Fig. 31d) may be derived from chisel-like or simple, subconical processes (Fig. 31f, b). 
Tree-like or  pr ecursor s tates ( e.g., F ig. 31h, i ) may be  s ynapomorphic in B othriuridae, but  
their appearance in the family is inconsistent. For example, different states occur in the both-
riurid genera, Phoniocercus and Urophonius (Pls. 131c, 134c, 135c). A distant relative, Cara-





Due to the very similar results with respect to book-lung structure across all amblypygid spe-
cies (Table 4) studied, no further conclusions about the internal phylogeny of Amblypygi can 
be reached. Comparisons with scorpions imply that amblypygid book-lung structures are ple-
siomorphic, since the simple papillate trabeculae (Fig. 29a and Pls. 174-189a) on the lamellar 
surfaces, spines (Fig. 30b and Pls. 174-189b) on the lamellar edges and spines on the posterior 
spiracle edge occur widely in scorpions too. The first two characters also occur with the same 
states i n m esothelid spiders ( Haupt 2003)  a nd t he f ossil trigonotarbid s tudied he re, which 
gives f urther s upport t o this pl esiomorphic interpretation, pr eviously pos tulated b y S choltz 
and Kamenz (2006). But its support is significantly lowered from the different position of the 
trabeculae in scorpions and amblypygids, which cannot be explained without major conflicts 
for ar achnid phylogeny (see b elow f or a lternative i nterpretation). N o p otential a pomorphy 
arises from the ambylypygid book-lung samples studied. It seems unlikely that additional cha-
racter states would be found in other amblypygid taxa. 
 
4.3.3 Uropygi s. str. (Thelyphonida) 
 
Lamellar surfaces. Börner (1904) f irst mentioned networked t rabeculae (Fig. 29e) in Thely-
phonus klugi and Mastigoproctus proscorpio. This was confirmed here for all the studied the-
lyphonid taxa (Table 4 and Pls. 190-206a), which supports the networked trabeculae being an 
apomorphic c haracter s tate of  th e la mellar s urface s tructure, a lbeit w ith limited potential. 
Networked trabeculae occur in the only studied schizomid, suggesting this character s tate is 
either plesiomorphic, or homoplastic with respect to Thelyphonida, and is probably a symple-
siomorphy for Uropygi s. lat. Additionally, such a  l amellar surface i s known f rom mygalo-
morph spiders (Eurypelma - Reisinger 1990, Mygale - Berteaux 1889). This implies the cha-
racter s tate is  pe rhaps symplesiomorphic f or Uropygi s. l at. and A raneae. A s istergroup 
relationship between Araneae and Thelyphonida has l ittle support from other characters, re-
covering (Uropygi (s. lat.) + Amblypygi) (Shultz 1990, Giribet et al. 2002) or (Amblypygi + 
Araneae) (Weygoldt and Paulus 1979b, van der Hammen 1989, W heeler and Hayashi 1998). 
This implies that networked trabeculae are likewise the plesiomorphic lamellar surface struc-
tures of  t he t axon T etrapulmonata ( see e volutionary s cenario be low), a lthough t he l ack of  
similar structures in scorpions makes this hypothesis hard to test. 
 
Distal edges of lamellae. New character states have been uncovered on the lamellar edge of 
thelyphonid book l ungs in the course of the thesis. Rhomboid surfaces with spines (Fig. 30h 
and P ls. 195b, 204b, 205b)  a re p erhaps apomorphic for e ach of Mastigoproctus proscorpio 
and Typopeltis crucifer, but would support the paraphyly of at least one of the genera, if syn-
apomorphic. T his c ould also be t he pl esiomorphic cha racter s tate. Strands of  ar cuate bo ws 
(Fig. 30i and Pls. 193b, 194b) are perhaps apomorphic for Mastigoproctus giganteus, but tend 
to occur in other species too. The phylogenetic value of the lamellar edge structures is uncer-
tain. 
 
Posterior edge of spiracle. Structures on the posterior spiracle edge occurring in thelyphonids 
are cons istently r egular depressions within r idges with spines (Fig. 31n and P ls. 191-206c). 
Such a  pa ttern c ould b e a pomorphic for T helyphonida, but  we find equivalents in similar 
structures occurring in the same place in trigonotarbids and probably in almost the same struc-
tures occurring somewhat displaced in eurypterids (discussed below). Thus the structures of  
the posterior spiracle edge are possibly plesiomorphic for Arachnida. 
 
Anterior edge of spiracle. The phylogenetic value of the newly added characters on the ante-
rior spiracle edge (Fig. 32) and the atrial wall (Fig. 33) is still not possible to estimate, since 
they even show inconsistency between samples, and do not  give any support for sistergroup 
relationships r ecovered using ot her c haracters (Rowland a nd C ooke, 1973) . It could be  of  
some value to support the Uropygi s. lat. (see Schizomida below). 
In general the data revealed from the thelyphonids are, except for the lamellar surface and the 
posterior spiracle edge currently confusing. No other lung structures support Thelyphonida or 
its sub-ordered taxa (cf. Harvey, 2003) as monophyletic. Phylogenetic conclusions would be 




Based on the single taxon studied so far, the lamellar surface structure (Fig. 29e and Pl. 207a) 
and the structures on the anterior spiracle edge (Fig. 32d and Pl. 207d) are shared with thely-
phonids, as are perhaps the atrial structures as well. All of these similarities rather support the 
plesiomorphic nature of these character states with respect to Schizomida. This could perhaps 
be synapomorphic for Uropygi s. lat. (sensu Weygoldt and Paulus, 1979b; = Thelyphonida + 
Schizomida). Apomorphic for Schizomida might be the fact that the networked trabeculae are 
on both sides of the lamellae (Pl. 11e), also if fused, but this requires a larger taxon sampling 
for confirmation. Considering the opposing position of the trabeculae on the lamellae of scor-
pions and tetrapulmonate arachnids i t i s also conceivably pa rsimonious to interpret the net-
worked t rabeculae on b oth s urfaces of  t he l amellae a s t he pl esiomorphic c ondition of  a ll 
arachnid trabeculae. It could have been retained in schizomids and changed through reduction 
of the trabeculae on one  side of the lamella in Scorpiones and the other side in Pantetrapul-
monata. This is a very plausible scenario invoking a common, already terrestrial arachnid an-
cestor, a nd contradicts the h ypothesis of  aquatic s corpion a ncestry ( Kjellesvig-Waering, 
1986). If selective reduction is correct, in both lineages the fused, networked t rabeculae be-
came detached from one lamellar surface or from one another, whereby networked trabeculae 





Mesophonus infans does not  preserve the book l ung or  equivalent s tructures. S light parallel 





Lamellar surfaces. Pulmonoscorpius is very informative in respect to all structures of the la-
mellae. It offers the first proof of trabeculae in a fossil scorpion from the Carboniferous, and 
in fossil scorpions in general. This demonstrates that trabeculae of the simple papillate and the 
bridging t ype a lready occurred i n C arboniferous scorpions ( Pl. 208c , d) , presumably m uch 
closer towards the scorpion ancestral condition, a  result which verifies t he data for a  s ingle 
lung origin achieved from studies of Recent arachnids by Scholtz and Kamenz (2006). These 
authors pos tulated t hat br idging t rabeculae a re s ymplesiomorphic f or m odern t errestrial 
Arachnida. Nothing else can be concluded from their earlier occurrence in scorpions. An aq-
uatic habitat can definitely be rejected for Pulmonoscorpius, since t rabeculae are not  useful 
under water. 
 
Distal edges of lamellae. Concerning the lamellar edges a new character state was found (Fig. 
30j and Pl. 208e, f), but with unclear potential. One open question is whether the holes within 
the lamellar edges were once f illed with perhaps the roots of  real hairs, l ike in x iphosurids, 
which ha d br oken off during fossilization. Without any hi nt of  s uch structures the  lamellar 
edges are fairly uninformative, possibly autapomorphic for the one fossil species known thus 
far. A closer relationship with Iurids (s. str.) and/or perhaps Alacran indicated by similar la-




Claridge and Lyon ( 1961) f irst i dentified book l ungs i n t he extinct T rigonotarbida a nd d e-
scribed a  f ew gross m orphological de tails. H owever, t hey di d not  r ecognize f ine s tructures 
within the trigonotarbid book lungs. 
 
Lamellae. The book-lung morphology revealed in the Rhynie Chert fossils is fully consistent 
with the m orphology o f R ecent t etrapulmonates. All of  t he l amellar characters p reserved 
match those of amblypygids most closely; i.e. the edges and the surfaces of the lamellae are 
the same, as well as the bridging and simple papillate trabeculae. These characters were inter-
preted as symplesiomorphic for Arachnida (Scholtz and Kamenz, 2006). However, it contra-
dicts the most parsimonious explanation of the networked trabeculae being the intermediate in 
the evolution from bridging toward papillate trabeculae. In this scenario the papillate trabecu-
lae should have appeared in more derived branches of the arachnid cladogram and would not 
be part of the arachnid ground pattern. 
 
Posterior edge of  spiracle. Bulge-like s tructures on t he posterior spiracle edge of  polygonal 
shape, w hich s urround d epressions, oc cur i n t he t helyphonid t axa. T rigonotarbids a re qui te 
similar in this character, with their angled, but un-fused ridges. Moreover the posterior edge 
of the schizomid spiracle, which is saw-like in section (Pl. 11g), also recalls sectioned angled 
ridges seen in trigonotarbids (Fig. 31o). However, this suggestion needs further confirmation. 
If it is envisaged as the same structure with gradually evolving varieties, it might be common 
to tetrapulmonate arachnids. In this model there would be implications for Pantetrapulmonata. 
Nevertheless this structure on t he posterior spiracle edge is very unlikely to be a really new 
(apomorphic) c haracter for t etrapulmonate a rachnids. T his c onclusion i n ba sed on  obs erva-
tions on the possibly ancestral eurypterid fossils, where the same pattern of spines, networked 
bulges/ridges, a nd pol ygonal s urfaces (Størmer, 1977; M anning a nd D unlop, 1995)  a lready 
occurs on their so-called ‘gill tracts’ (see below). 
 
Anterior edge of spiracle. The anterior edge of the spiracle seems very similar to the edges of 
thelyphonids; i.e. the structures on the trigonotarbid anterior spiracle edge tend to be interme-
diates i n a  s eries of  m ushroom-like ( Fig. 32c , d ) t o a rcuate bow -like s tructures (Fig. 33 c). 
Both of these are found in thelyphonids with gradual varieties (see above) on the anterior spi-
racle edge, as well as it is  on the atrial wall. Furthermore the structure is more similar to the 
perhaps umbrella-like s tructures on  the anterior spiracle edge of  the only studied schizomid 
(Pls. 11g and 207d). If these structures on the spiracle of trigonotarbids were truly shaped like 
arcuate structures and/or mushroom-like in appearance, it would be the one unequivocal apo-
morphy supporting the unnamed taxon (Uropygi s. lat. + Trigonotarbida). Finally these struc-
tures are unique amongst the arachnid taxa and clearly synapomorphic for a Trigonotarbida + 
Uropygi (s. lat.) taxon. 
 
Atrium. Atrial structures, like bristle-like structures and arcuate bows only occur in uropygids, 
probably t rigonotarbids (see above) and a lso s ome s piders, a nd are s eemingly unique i n 
arachnids. Nevertheless such atrial structures are questionably apomorphic, in the meaning of 
novel innovations. It rather seems that they might be displaced lamellar edge structures. This 
perspective r educes t he chance t o resolve t he b ranch off from t he cladogram w here s uch 
structures appear for the first time, since the lamellar edge structures always radiate a bit from 
their actual position (pers. obs .). The atrial wall structures are, thus, probably gradually mi-
grating lamellar structures, which are located close to the lamellar edges in thelyphonids and 
perhaps T rigonotarbida, to e ven c ome t o l ie opp osite the  lamellar edges in schizomids and 
spiders. 
 
4.4 Aquatic origin of scorpions unlikely 
 
Together with the postulated sistergroup relationship of Eurypterida and Scorpiones (Dunlop 
and B raddy 2001 ) a n i ndependent t errestrialization of  s corpions from ot her a rachnids w as 
supposed. This hypothesis was based on t he evolutionary scenario largely drawn from Kjel-
lesvig-Waering ( 1986), who ove r-interpreted the pl ate-like app earance of t he s ternites of  
some early fossil scorpions. His concept is plausible and very convincing. But what was not 
recognized is that plates covering the sternites do not exist in the oldest known scorpions, e.g. 
in the M iddle S ilurian Dolichophonus l oudonensis (RSM 1897.12.196, E dinburgh) (pers. 
obs.). And there is also no bilobed structure in the Silurian Palaeophonus nuncius (SRM Ar. 
32235, S tockholm) (pers. obs .). These pl ates covering the s ternites a re e dges i n t he matrix, 
but real morphological structures. There is no do ubt that the sternites of the fossil scorpions 
are exactly the same structure as in Recent scorpions too. Although there are some with a ra-
ther l obate pos terior edge and a  f ew even with a  median suture ( e.g. Isobuthus kralupensis 
NMP Inv. 837, Prague), it appears to me, that the relevance of the sternites was much overes-
timated in fossil scorpion phylogeny. Such sternites (sometimes called appendages or plates) 
occur also in Recent, terrestrial scorpions (cf. Tityus species), and do not  presume an aquatic 
origin. For example in Centruroides vittatus the sternites develop directly from ‘bilobostern’ 
abdominal plates (Farley, 2005) , which does not  allow di fferentiation between s ternites and 
plates ( appendages). T hus, hom ology o f t he s ternites of  arachnids i s un equivocal, w hereas 
only the change of the spiracle position requires further discussion. The intra-sternal spiracle 
was f irst pr oven i n t he Carboniferous s corpion Palaeopisthacanthus s chucherti (YPM 140, 
Yale) from Vogel and Durden (1966). 
Besides s ome i mportance of  t he c uticular pr ojections on t he pos terior s piracle e dge for  t he 
phylogeny of s corpion t axa there i s pe rhaps some value for the evolution of  the spiracle i n 
general. Spines with basal buttresses were perhaps underestimated when observing only scor-
pions. But since such structures are also known from amblypygids it would be worthwhile to 
restudy the buttressed spines on t he posterior spiracles edge in more detail and with a larger 
sample density. The s tructure of  t he pos terior spiracle ed ge ha s t he potential t o support t he 
common origin (monophyly) of the spiracle of all arachnids. Farley (1999) doubted this when 
he postulated that the development of the scorpion spiracle proceeded independently from the 
development of  the book lung during the embryology of  Paruroctonus. In the latter case no  
homologous s tructures would be  e xpected i n t his pos ition. B ut i f hom ologous, but tressed 
spines occur on t he posterior spiracle edge of any scorpions and also in tetrapulmonate am-
blypygids t he homology (and s ingle o rigin) of  t he spiracle would b e ve rified. Furthermore, 
the evolutionary movement of the respiratory opening at the posterior margin of the sternites 
of the ground-pattern of  Arachnida, as in the scorpion l ineage, would be the most plausible 
scenario for evolving an intra-sternal spiracle. Nevertheless this scenario gives no information 
about supposed aquatic ancestors of scorpions, i.e. nothing more than scorpion ancestors per-
haps had marginal spiracles like Recent tetrapulmonates. 
One character with less potential for the use in determining aquatic habitats is the monodactyl 
leg. In Palaeophonus nu ncius possibly monodactyl l egs a re pr eserved, and a lso i n t he sup-
posed Silurian Allopalaeophonus caledonicus (Kilmarnock Museum, Scotland), where the leg 
tips however are barely visible. Anyway the occurrence of monodactyl legs, if proven or not, 
does not necessarily hint at the aquatic habitat of  the fossilized scorpion, since i t is not  less 
useful on l and. T his i s demonstrated b y s ome examples of  a mphibious or  f ully t errestrial 
crabs (Decapoda, Cruatacea). From these observations of the actual fossils and parallels with 
Recent terrestrial arthropods, aquatic fossil scorpions can be rejected. The phylogeny of Kjel-
lesvig-Waering (1986) needs complete revision. I do not  follow this system in my thesis and 
do not doubt a common terrestrial ancestor of arachnids, see also Scholtz and Kamenz (2006). 
This view finds further support in this thesis, as summarized as followed. 
 
4.5 Outgroup comparison 
 
Outgroup c omparisons us ing e xtant xiphosurans and e xtinct e urypterids a re di fficult du e t o 
the fact that limited data exist about these taxa. Xiphosurans have retained 4 living species in 
three genera whose respiratory organs, and their fine structure, is known quite well (Fahren-
bach 1999). The lamellate organs are clearly homologous (Lankester 1881), which was, ex-
cept for the size difference of xiphosurid and arachnid lamellae and coupled consequences for 
the fibrous xiphosurid pillars (Pls. 213d and 214a), largely confirmed through ultra-structural 
studies by Reisinger et a l. (1991). Eurypterids do  not  offer such detail. However, enigmatic 
structures ha ve be en r eported a nd t ermed ‘ gill-tracts’ ( Wills, 1962;  M anning a nd D unlop, 
1995). Actual lamellate respiratory organs have also been postulated (Laurie, 1893, Braddy et 
al. 1999; Manning and Dunlop, 1995; Waterston, 1975). 
Significantly, fine structures among the eurypterid ‘gill tracts’ (Størmer, 1977, M anning and 
Dunlop, 1995) exist, which are astonishingly similar to character state 14 (Fig. 31n) observed 
on the posterior spiracle edge of uropygids. One minor difference is the shape of the spines in 
the corners of the polygonal areas. One distinct spine in the uropygid contrasts with mostly 
three-tipped spine-like processes, proximally ‘fused’ in the studied eurypterids (Manning and 
Dunlop, 1995). Nevertheless, there is still the same regular, polygonal pattern with surround-
ing ridges of  a lmost e qual l ength a nd a ngles, a nd m ore erect s tructures i n t he corners, i .e. 
spines. One key question remains: are these structures located in a homologous position? Gill 
tracts are supposedly observed in the ‘dorsal’, but ‘outer’ region of the so-called ‘gill pouch’ 
in eurypterids, which might be  the pos ition of  the pos terior spiracle edge toward the do rsal 
atrium in arachnids, although even in the very precise descriptions by Wills (1962) their pre-
cise position remains uncertain. This is problematic because ‘spiracles’ are not  known from 
eurypterids thus far. One very compressed cuticle fragment (BMNH I. 3406-26) of  the sup-
posed gill region (according to the label) was s tudied dur ing this project and confirmed the 
polygonal pattern very well (pers. obs.). The exact origin of the fragment from the eurypterid 
sternite is unclear and not documented, but according to Holm (1898) it should be in approx-
imately the position where one would expect the gills. 
In contrast to the equivalence of Uropygi and Eurypterida the posterior region of the gills is 
totally different in xiphosurans. Concerning this character, there are two possible interpreta-
tions. Either there is a further potential synapomorphy supporting (Arachnida + Eurypterida), 
or this character has changed autapomorphically within the xiphosuran lineage, although this 
allows no conclusion about the branching-off of xiphosurids. ‘Loss’ of the lamellate respirato-
ry organs w ithin t he genital s egment i n x iphosurans m ay p erhaps ha ve i ndependently o c-
curred from scorpions and apulmonate arachnids. A hypothetical common ancestor of arach-
nids, e urypterids a nd x iphosurans, w hich r etained l amellate g ills i n a ll of  t he m esosomal 
segments (II to VII) where book gills and/or book lungs can be found in one group or another, 
has yet to be discovered. 
The segmental position of book l ungs/gills among chelicerate taxa differs, but also overlaps. 
Xiphosurans have gills beginning from the pos t-genital segment ( III) to segment VII. Scor-
pions bear lungs from the 2nd post-genital segment (IV) to segment VII. And in the morphol-
ogy o f t etrapulmonates t he l ungs a re r estricted ( if present) t o t he genital and the f irst pos t-
genital s egment (i.e. II and III; D unlop, 1998) . A s not ed a bove t he i dentification of  gill-
bearing segments in eurypterids is problematic. Wills’ monograph (1962) on t he respiratory 
organs of eurypterids did not take on board convincing evidence for lamellate respiratory or-
gans. In fact Wills described ‘gill tracts’ in the genital or/and post-genital segment (II/III) to 
segment V II, c onsistent with obs ervations on Adelophthalmus (Kamenz et a l. 2008,  c onfe-
rence contrib.). The segmental identity of the most anterior gill tract, also remained uncertain 
in W ills’ de scriptions. C omparisons of  H ox-genes a lso give no convincing answer on t his 
problem. The anterior boundary of Ultrabithorax (UBX) and Abdominal A (ABD A) expres-
sions be gins w ith t he genital s egment i n arachnids ( Abzhanov et a l. 199 9). It s upports t he 
perspective of an opisthosoma starting with the genital segment best, as it is the case in almost 
all Recent arachnids, irrespective of the chilarial segment, which has apparently disappeared 
in Arachnida (Shultz 1990), independent of whether i t belonged to the prosoma or the opis-
thosoma. 
 
4.6 A scenario of arachnid evolution 
 
The discussion above is combined here into the most plausible and parsimonious evolutionary 
scenario. Outgroup comparisons with Xiphosura imply that eurypterids are the probable sis-
tergroup to Arachnida. This perspective is based on the similar segmentation pattern (reduc-
tion of opisthosomal segment I), with one presumption of the apomorphic fusion of the opis-
thosomal segments II and III in Eurypterida (Dunlop and Webster, 1999). Xiphosura come up 
as s istergroup to the Metastomata ( i.e. Eurypterida +  Arachnida) with the supposed autapo-
morphies: l amellae di vided i nto a reas of  t hinner and t hicker c uticle (see Henry 1996) , r eal 
hairs at  the lamellar edges and several sensilla at the ‘endopodite’ of the ventral plates. The 
Metastomata have as a potential apomorphy the sternites (fixed ventral plates) with the hex-
agonal (or regular polygonal) pattern of ridges and spines in the region of the posterior spi-
racle edge toward the dorsal atrium. 
Arachnida are a  monophylum based on t hree potentially apomorphic characters of  the book 
lungs (adaptations for breathing in air): (1) bridging trabeculae in the proximal regions of the 
lamellae, which connect the adjacent lamellae; (2) networked trabeculae on both distal surfac-
es of  t he l amellae ( ventral and dorsal) and (3) a r eal, valve-like s piracle w ith cuticular 
processes (distinct from real hairs/setae) to close it. It should be mentioned at this point that 
the internalization of the lamellate respiratory organ probably began earlier, with the fixation 
of the sternites in Metastomata, but was completed with the appearance of the spiracles. 
After t errestrialization of  t he a rachnid ancestor, the s corpions s plit of f from t he Lipoctena 
(non-scorpion arachnids), losing the lamellate respiratory organs in opisthosomal segments II 
and III. The two potential major apomorphies are the reduction of the networked trabeculae 
(to branched t rabeculae known f rom scorpionoids, plus t he l oss of  t rabeculae on the do rsal 
lamellar surface), and (perhaps more recently) the change in the position of the spiracle to an 
opening within the sternite. The hexagonal tiles on the posterior spiracles edge of scorpiono-
ids could be the inverted pattern of the Metastomata, but this is currently an unresolved issue. 
Together with the migration of the spiracle the poststigmaticus muscle arose from the lateral 
atrial muscle known from tetrapulmonates. Within the Scorpiones the r eduction of  the hex-
agonal pattern on the spiracle edge has proceeded, and also the reduction of the trabeculae to 
the simple form. Buthoid scorpions evolved, with the venation on the distal lamellar surfaces, 
and the old world buthids with the slender venation out of the buthid genus Tityus. 
The other branch of the Arachnida, the Lipoctena, cannot be resolved completely, due to the 
lack of  book l ungs in the apulmonate taxa. I focus on P antetrapulmonata, i rrespective of  i ts 
monophyly. At least the sternites (remaining at least as a megoperculum) are plesiomorphic 
for t etrapulmonate a rachnids ( cf. w ith e urypterids). C learly a pomorphic i s t he r eduction of  
book lungs in segments IV to VII, probably for all Lipoctena. Networked trabeculae on bot h 
surfaces of the lamellae occurring in Schizomida have remained from the arachnid ancestor. 
Thus Schizomida are likely to be the sistergroup of all other tetrapulmonate arachnids, or even 
of all other arachnids. The structures occurring on t he spiracle edges (mushrooms) and atrial 
wall (arcuate bows) are perhaps synapomorphic for Lipoctena too, s ince such s tructures are 
not known from the actual atrial wall or anterior spiracle edge (if present) of eurypterids and 
scorpions, but are there in Schizomida and Uropygi s. str., and possibly in Trigonotarbida, the 
latter character also in opisthothele spiders. One autapomorphy of Schizomida is the loss of  
the book lung in segment III. 
Schizomida are, according to their book-lung morphology, the sistergroup of a taxon consist-
ing of Uropygi s. str., Araneae, Trigonotarbida and Amblypygi, and possibly other arachnids 
too. Apomorphic for this taxon is the reduction of trabeculae on the ventral side of the lamel-
lae. U sing book -lung m orphology alone t he c rowngroup of  P antetrapulmonata s tays unr e-
solved. Since t racheae and t he l oss of  t he book l ungs a re not  s ynapomorphic f or a  t axon 
‘Apulmonata’ (Hilken, 1 998) Pantetrapulmonata are pe rhaps pa raphyletic t oo, out  of  which 
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APPENDIX 1: Samples 
 
Taxa and specimens in which book lungs were studied during the present investigation. Ab-
breviations for collections as follows: American Museum of Natural History, New York 
(AMNH); Humboldt-Universität, Berlin (HUB); Museum National d’Histoire Naturelle, Paris 






Bothriurus bonariensis (C. L. Koch, 1842): 1 ♀ (AMNH [LP 2165]), Argentina: ex J.O. Rein, 
1.X.2002 
Bothriurus burmeisteri Kraepelin, 1894: 1 ♀ (AMNH [LP 4258]), Argentina: Río Negro 
Province: Las Grutas: road to Cerro Banderita [40°45'18.3"S 65°2'38"W], M. Magnanelli and 
E.G. López, 11.I.2005 
Bothriurus chacoensis Maury and Acosta, 1993: 1 ♀ (AMNH [LP 1913]), Argentina: ex F. 
Somma, VII.1998; 1 ♀ (MfN ZMB 15381), Paraguay: Fiebrig 
Bothriurus coriaceus Pocock, 1893: 1 ♂ (MfN ZMB 8322), Chile: Coquimbo, IX.1893; 1 juv. 
♂ (AMNH [LP 2391]), Chile: Region IV (Coquimbo): Provincia de Choapa: Los Vilos 1 km 
S [31°55.468'S 71°29.202'W], L. Prendini, C. Mattoni and J. Ochoa, 3.XI.2003, collected at 
night with UV light 
Brachistosternus ehrenbergii (Gervais, 1841): 1 ♂ (AMNH [LP 3066]), Peru: Departamento 
Arequipa: Prov. Islay: Arenales de Iberia, cerca de las lagunas de Mejma, R. Gutierrez and 
J.A. Ochoa, 2.III.2004 
Brachistosternus ferrugineus (Thorell, 1876): 1 ♀ (MNHN RS 0619), Argentina: Provincia 
Presidente Peron: Charata, M. Rayano, X.1951 
Centromachetes obscurus Mello-Leitão, 1932: 1 ♂ (AMNH [LP 2436]), Chile: Region IX (La 
Araucanía): Provincia de Malleco: Parque Nacional Nahuelbuta, near campsite [37°49.744'S 
73°00.418'W], L. Prendini, C. Mattoni and J. Ochoa, 14.XI.2003, collected at night with UV 
light and burrow excavation 
Centromachetes pocockii (Kraepelin, 1894): 1 ♀ (MfN ZMB 35145), Chile: Schönemann 
Centromachetes sp.: 1 ♀ (MNHN RS 6333), Chile: Province Concepcion: Pinares, T. Ceka-
lovic, 30.IX.1967 
Cercophonius sulcatus Kraepelin, 1908: 1 ♂ (AMNH [LP 1618]), Australia: Western Austral-
ia: Jarrahdale, E.S. Volschenk, 24–25.II.1998, under stone; 1 ♂ (AMNH [LP 2117]), Austral-
ia: Western Australia: Perth escarpment [31°35'14.2"S 116°12'14.2"E], E.S. Volschenk and J. 
Warden, V.1999, collected with UV light in leaflitter 
Cercophonius sp.: 2 ♀ (MNHN RS 0571), [Australia]: J. d’Albans, 1888 
Lisposoma elegans Lawrence, 1928: 1 ♂ (AMNH [LP 1636]), Namibia: Namib-Naukluft 
Park, Volstruishoogte, L. Prendini and E. Scott, 18.I.1998 
Lisposoma josehermana Lamoral, 1979: 1 juv. ♀ (AMNH [LP 2524]), Namibia: Oshikoto 
Region: Tsumeb District: Farm Varianto on Elandshoek 771 [19°22.773'S 17°44.456'E], L. 
Prendini, E. Scott, T. and C. Bird, Q. and N. Martins, 4.I.2004 
Orobothriurus alticola (Pocock, 1899): 1 subad. ♂ (AMNH [LP 4309]), Argentina: San Juan 
Province: between Paso de Agua Negra and Aduana, vega and surrounds [30°17'33.1"S 
69°46'45.6"W], C. Mattoni and A. Ojanguren, 27.I.2005, collected with UV light 
Pachakutej iskay (Acosta and Ochoa, 2001): 1 subad. ♂ (AMNH [LP 3061]), Peru: Departa-
mento Apurmmac: Abancay, Tamburco, J. Achicahuala and J.A. Ochoa, 28.I.2004 
Phoniocercus pictus Pocock, 1893: 1 ♀ (MNHN), Chile: Calbuco, 7.XI.1937 
Phoniocercus sanmartini Cekalovic, 1968: 1 ♀ (AMNH [LP 1994]), Chile: Prov. Valdivia: 
Parque Oncol, Sendero Punucapa, T. Cekalovic, 13.IV.2001 
Thestylus glasioui (Bertkau, 1880): 1 ♂ (AMNH [LP 1965]), Brazil: Parque Nacional da Ser-
ra dos Órgãos, Teresópolis, Rio de Janeiro, Pinto-da-Rocha, Dietz and Rosa, 23–28.XI.1999 
Timogenes dorbignyi (Guérin Méneville, 1843): 1 ♂ (MfN ZMB 31130), Bolivia: Villa 
Montes, Eisentraut, 5.X.1930; 1 ♂ (MNHN), H. Krieg, 1931 
Timogenes mapuche Maury, 1975: 1 ♂ (AMNH [LP 4312]), Argentina: Neuquén Province: 
Picún Leufú [39°32'13.5"S 69°13'21.8"W], M. Magnanelli and E.G. López, 25.I.2005 
Urophonius iheringii Pocock, 1893: 1 ♂ (MNHN RS 4305), Uruguay: Montevideo: Sayago: 
Bajo Madera, P.R. San Martin, 17.VI.1943; 1 ♀ (MNHN RS 4306), Uruguay: Departamento 
de Maldonado: Cerro de las Animas: Bajo Piedro, P.R. San Martin, 9.VIII.1959; 1 ♀ (AMNH 
[LP 3457]), Argentina: Buenos Aires Prov.: Villa Ventana, near Municipal Camping and Ar-
royo Belisario [38°05'37''S 61°56'10.2''W], C. Mattoni and M. Magnanelli, 13.VII.2004, col-
lected with UV light 
Urophonius tregualemuensis Cekalovic, 1981: 1 juv. ♂ (AMNH [LP 5165]), Chile: Region 
VII: Province Talca: Parque Nacional Altos del Lircay, A. Ojanguren and P. Korob, 
16.II.2005 
Vachonia martinezi Abalos, 1954: 1 juv. ♀ (AMNH [LP 2441]), Argentina: Balneario El 
Condor, M. Magnanelli, 5.V.2003 
 
Buthidae 
Ananteris cussinii Borelli, 1910: 1 ♂ (AMNH [LP 1716]), Trinidad and Tobago: Trinidad: 
Mt. St. Benedict [10°39'49"N 61°23'56"W], L. Prendini, 9.VII.1999, collected at night with 
UV light 
Androctonus amoreuxi amoreuxi (Audouin, 1826): 1 ♀ (MFN ZMB 30909), Mauretania: M. 
Bout, P. Spatz; 1 ♀ (MNHN RS 2034), Algeria: M. Vachon 
Androctonus australis australis (Linnaeus, 1758): 1 ♀ (AMNH [LP 1970]), Egypt: ex R. Ma-
cInnes, 6.VI.2002; 1 ♀ (MNHN RS 3081), Sahara, Kef el Dor, Sidi bel Abbés, Denier 
Androctonus bicolor aeneas C.L. Koch, 1839: 1 ♀ (MNHN), Tunisia: 10.X.1977 
Anomalobuthus rickmersi Kraepelin, 1900: 1 ♂ (AMNH [LP 3772]), Kazakhstan: Almaty 
Area: Zhambyl District: Taukum Desert, S edge, 12 km NNE of Aidarly [44°17'57''N 
75°54'40''E], L. Prendini and A.V. Gromov, 27.VI.2003, collected with UV light at night 
Apistobuthus pterygocercus Finnegan, 1932: 1 ♀ (AMNH [LP 1795]), United Arab Emirates: 
ex T. Gearheart, IX.2000 
Babycurus buettneri Karsch, 1886: 1 ♂ (AMNH [LP 1744]), Gabon: Province Ogooue-
Maritime: Reserve Monts Doudou, 25.2 km 304° NW Doussala [2°13'36"S 10°23'12"E], M. 
Burger, 14.III.2000 
Babycurus jacksoni (Pocock, 1890): 1 ♂ (MNHN RS 1415), Zanzibar: Mrogoro, P. Leroy, 
1889 
Buthacus arenicola (Simon, 1885): 1 ♀ (AMNH [LP 1973]), Egypt: ex R. MacInnes, 
6.VI.2002 
Buthacus leptochelys (Ehrenberg, 1829): 1 ♂ (MNHN RS 5456), Morocco: Ouzzina, 27 km S 
Taouz, 17.V.1970 
Butheoloides maroccanus Hirst, 1925: 1 ♂ (MNHN RS 5264), Morocco: 17.V.1955 
Butheolus gallagheri Vachon, 1980: 1 ♂ (AMNH [LP 2280]), Oman: ex R. MacInnes, 
IV.2003 
Buthiscus bicalcaratus Birula, 1905: 1 ♂ (MNHN RS 1721), Algeria: Lallanda, El Oued, L. 
Balozet, XII.1953 
Buthus occitanus Lourenço and Vachon, 2004: 1 ♀ (MNHN RS 8198), Spain: Geróna 
Buthus cf. occitanus (Amoreux, 1789): 1 ♂ (AMNH [LP 4595]), Senegal: Ndiass, 7 km W 
[14°41'14.6''N 17°08'37.0''W], J. Huff and V. Vignoli, 10.VII.2005, collected with UV light at 
night 
Caribetityus elii (Armas and Marcano Fondeur, 1992): 1 ♀ (AMNH [LP 3277]), Dominican 
Republic: La Vega Province: Loma Casabito, Reserva Científíca Ebano Verde, alongside road 
to transmitter station [19.0375°N 70.5186°W], E.S. Volschenk and J. Huff, 18.VII.2004, 1478 
m, pine forest to humid montane forest, hand collected from under stones and logs, and with 
blacklights 
Centruroides exilicauda (Wood, 1863): 1 ♀ (AMNH [LP 4477]), Mexico: Baja California 
Sur: Municipio Loreto: Loreto, S, ca. 8 km along gravel road to San Javier, from junction 
with Route 1 [25°59.733'N 111°25.116'W], L. Prendini, E. González, R. Mercurio and W.E. 
Savary, 8.VII.2005, collected with UV light at night 
Centruroides gracilis (Latreille, 1804): 1 ex. (MNHN RS 1077), Colombia: Gervais and Si-
mon; 1 ♀ (AMNH [LP 2306]), Mexico: Tamaulipas: La Pilita, Area Aldama, P. Sprouse, 
3.I.2003; 2 ♀ (AMNH [LP 2051]), Mexico: San Luis Potosí: Antena de Microondas de Ci-
udad Valles [21°58'55"N 99°08'58"W], L. Prendini, J. Soriano and E. Gonzalez, 2.VIII.2002, 
collected with UV light at night 
Centruroides margaritatus margaritatus (Gervais, 1841): 1 ♂ (AMNH [LP 1787]), Honduras: 
ex R.D. Gaban, III.2001; 1 ♀ (MFN ZMB)  
Centruroides schmidti Sissom, 1995: 1 ♀ (AMNH [LP 2070]), Mexico: Veracruz: Estacion 
de Biologia ‘Los Tuxtlas’, UNAM, J. Ponce and O. Francke, 19.VII.2002, collected with UV 
light at night 
Cicileus exilis (Pallary, 1928): 1 ♀ (MNHN RS 1273), Algeria: Tamanrasset; 1 ♀ (MNHN 
RS 3223), Central Sahara: Gara Assekrem, Hoggar 
Compsobuthus berlandi Vachon, 1950: 1 ♀ (MNHN RS 4910), Algeria: Djanet (Tassili), W 
border, 29.I.1967 
Compsobuthus maindroni (Kraepelin, 1900): 1 ♂ (AMNH [LP 3765]), United Arab Emirates: 
Ruus Al Jibal Mtn. Range, ca. 12 km WSW of Al Fujayrah, canyon near Hayl Fort 
[25°05'14"N 56°13'14"E], A.V. Gromov, 30.III.2003, collected with UV light at night 
Grosphus flavopiceus Kraepelin, 1900: 1 ♀ (MFN ZMB 10383), Madagascar: Tukar, S.G. 
Voeltzkow 
Grosphus grandidieri Kraepelin, 1900: 1 ♀ (MNHN RS 1336), Madagascar: Valleé de Tibe-
renova 
Grosphus hirtus Kraepelin, 1900: 1 ♀ (AMNH [LP 2774]), Madagascar: Antsiranana Prov-
ince: Nosy Be, Parc National de Lokobe, 4.95 km 125° ESE Hellville [13°24'56''S 
48°18'27.3''E], D. Andriamalala, C. Griswold, H. Ratsirarson, D. Silva, 13.II.2003 
Hottentotta conspersus (Thorell, 1876): 1 juv. (AMNH [LP 2627]), Namibia: Kunene Region: 
Opuwo District: Hartmann’s Valley, ca. 39 km N of Orange Drum [17°26.396'S 
12°15.868'E], L. Prendini, E. Scott, T. and C. Bird, Q. and N. Martins, 14.I.2004 
Hottentotta hottentotta hottentotta (Fabricius, 1787): 1 subad. ♂ (AMNH [LP 4822]), Benin: 
Tanogou: Cascade de Tanogou [10°48.12'N 01°26.26'E], V. Vignoli, VI.2005; 1 ♀ (MFN 
ZMB 10274), Cameroon: Lake Chad, Duma, S.G. Riggenbach, 17–20.VI.1909 
Hottentotta jayakari jayakari (Pocock, 1895): 1 subad. ♀ (HUB), Yemen: 2004 
Isometroides angusticaudis Keyserling, 1885: 1 ♀ (AMNH [LP 2110]), Australia: South Aus-
tralia: Coolton National Park [34°12'40.5"S 140°37'42.2"E], E.S. Volschenk and J. Tregear, 
9.XII.1998, collected with UV light 
Isometrus maculatus (DeGeer, 1778): 1 ♀ (AMNH [LP 1788]), São Tomé and Principé: São 
Tomé: Praia du Mutamba [00°23'45.5''S 006°36'19.1''E], J.M. Ledford, 2.IV.2001; 1 ex. 
(MNHN RS 0952), Liberia: Monrovia; 1 ♀ (MFN ZMB 8199), Jahuit, Bartels, 7.II.1900 
Karasbergia methueni Hewitt, 1913: 1 ♂ (AMNH [LP 1724]), South Africa: Northern Cape 
Province: Lekkersing, G.J. Müller et al., 16.I.1999, collected with UV light at night 
Leiurus quinquestriatus hebraeus (Birula, 1908): 1 ♀ (MNHN RS 6484), Oman: Masirah 
Island, R.J. Parker, 17.XII.1972 
Leiurus quinquestriatus quinquestriatus (Ehrenberg, 1828): 1 ♀ (AMNH [LP 1530]), Egypt: 
ex B. Capiz, VII.1998 
Liobuthus kessleri Birula, 1898: 1 ♂ (AMNH [LP 3790]), Kazakhstan: South Kazakhstan 
Area: Chardara District: 3 km W of Chardara [41°16.106'N 67°53.228'E], L. Prendini and 
A.V. Gromov, 20.VI.2003, collected with UV light at night 
Lychas mucronatus (Fabricius, 1798): 1 ♀ (MNHN RS 1437), Indonesia: Java; 1 ♀ (MNHN 
RS 1474), China: Baie d’Alones, Dawydoff, X.1934 
Lychas obsti Kraepelin, 1913: 1 ♂ (AMNH [LP 1797]), Kenya/Tanzania: ex J. Ove Rein 
Lychas scutilus C.L. Koch, 1845: 1 ♀ (MFN ZMB 11341), Indonesia: Heinroth, 28.VIII.1902 
Lychas tricarinatus (Simon, 1884): 1 ex. (MNHN RS 1440), India: North Arkof, Maindron 
Lychas sp.: 1 ♀ (AMNH [LP 1646]), Australia: Queensland: Undara National Park 
[18°12'32.2"S 144°38'30.6"E], E.S. Volschenk, T. Heslin and C. Berridge, 26.III.1999, col-
lected with UV light in leaflitter 
Mesobuthus caucasicus parthorum Pocock, 1889: 1 ex. (MNHN RS 4666), Iran: Chahpuze 
(Asarhaydjan), Habibi, 1968 
Mesobuthus eupeus thersites (C. L. Koch, 1839): 1 ♂ (AMNH [LP 3810]), Kazakhstan: South 
Kazakhstan Area: Chardara District: 3 km W of Chardara [41°16.106'N 67°53.228'E], L. 
Prendini and A.V. Gromov, 20.VI.2003, collected with UV light at night 
Mesobuthus gibbosus (Brullé, 1832): 1 ♀ (MNHN RS 7010), Greece: Aegean Sea: Arkos Is., 
Pili, Constantinos, 12.VIII.1972 
Microtityus rickyi Kjellesvig-Waering, 1966: 1 ♀ (AMNH [LP 1717]), Trinidad and Tobago: 
Trinidad: Gaspar Grande Island, L. Prendini, 7.VII.1999, collected with UV light at night 
Odontobuthus doriae (Thorell, 1876): 1 ♀ (MNHN RS 1823), Iran: Kashan; 1 ♀ (AMNH [LP 
2908]), Iran: Yazd Province: Ardakan, 10 km E [32°18.626'N 54°15.133'E], V. Vignoli and P. 
Crucitti, 11.IV.2004 
Odonturus dentatus Karsch, 1879: 1 ♂ (AMNH [LP 1578]), Tanzania: ex R.D. Gaban, 
XI.1999 
Orthochirus innesi Simon, 1910: 1 ♀ (MNHN RS 5440), Morocco: Taouz (environs), 
27.III.1970; 1 ♀ (AMNH [LP 4407]), Oman: ex A. Tietz, VIII.2005 
Orthochirus scrobiculosus scrobiculosus (Grube, 1873): 1 ♀ (AMNH [LP 3775]), Ka-
zakhstan: South Kazakhstan Area: Chardara District: 3 km W of Chardara [41°16.106'N 
67°53.228'E], L. Prendini and A.V. Gromov, 20.VI.2003, collected with UV light at night 
Parabuthus leiosoma (Ehrenberg, 1828): 1 ♀ (AMNH [LP 1845]), Kenya: Nguruman, Rift 
Valley, X.1999 
Pseudolychas pegleri (Purcell, 1901): 1 ♀ (AMNH [LP 1326]), Swaziland: Mlawula Nature 
Reserve: Sara Camp [26°11'44''S 31°59'24''E], L. Prendini, G. Giribet and R. Boycott, 
2.IV.2001, collected with UV light at night 
Rhopalurus bonetti Armas, 1999: 1 juv. ♂ (AMNH [LP 3267]), Dominican Republic: Peder-
nales Provence: Parque Nacional Jaragua, Cabo Rojo [17.8958°N 71.6600°W], E.S. Vol-
schenk and J. Huff, 9.VII.2004, collected with UV light 
Rhopalurus acromelas Lutz and Mello, 1922: 1 ♀ (MNHN), Brazil: Brasilia, Barreiras, W.R. 
Lourenço, 3.X.1975 
Rhopalurus junceus (Herbst, 1800): 1 ♀ (MNHN RS 3288), Cuba: Etangra Samorrostra, J. 
Négre, 21.V.1950; 1 juv. (AMNH [LP 1517]), Cuba: Santiago de Cuba Province: La Socapa, 
10 km SW of Santiago de Cuba, R. Teruel, 9.IV.1999 
Rhopalurus laticauda laticauda Thorell, 1876: 1 ♀ (AMNH [LP 2462]), Venezuela: Caracas, 
C. Siederman, 2001 
Rhopalurus princeps (Karsch, 1879): 1 ♂ (AMNH [LP 1566]), Dominican Republic: Peder-
nales Province: Manuel Goja, 3.9 km N, D. Huber, 9.V.1998 
Rhopalurus rochae Borelli, 1910: 1 ♂ (AMNH [LP 1582]), Brazil: Paraiba: Soledade 
[7°02.118'S 36°27.311'W], A. Kury and A. Giupponi, 16.III.1999 
Tityobuthus baroni (Pocock, 1890): 1 ♂ (AMNH [LP 1941]), Madagascar: Antsiranana Prov-
ince: Nosy Be, Réserve Naturelle Intégrale de Lokobe, 6.3 km 112° ESE Hellville 
[13°25'10''S 48°19'52''E], B.L. Fisher, C.E. Griswold et al., 19.III.2001 
Tityus asthenes Pocock, 1893: 1 ♀ (AMNH [LP 1831]), Ecuador: Sarayacu, Rio Bobonaza 
and Capahuari, M. Peprný, VI.1999 
Tityus bahiensis eickstedtae (Lourenço, 1982): 1 ♀ (AMNH [LP 1596]), Brazil: ex Instituto 
Butantan via R. Pinto-da-Rocha, VIII.1999 
Tityus bolivianus Kraepelin, 1895: 1 ♂ (AMNH [LP 4249]), Bolivia: Potosí Department, 
Comunidad Phalapaya, 10 km E of Betanzos [19°36'21.6"S 65°23'54.7"W], C. Mattoni, A. 
Ojanguren and J. Ochoa, 9.I.2005, collected with UV light 
Tityus cambridgei Pocock, 1897: 1 ex. (MNHN RS 5252), French Guiana: Saul, A.S. Bala-
chowsky, 27.X.1969; 1 ♀ (AMNH [LP 3649]), French Guiana: Maripasoula: Saul, Chez 
Fred's [3°37'42.0"N 53°12'40.0"W], J. Huff, 14.XII.2004, collected with UV light; 1 ♂ 
(AMNH [LP 3434]), French Guiana: Roura District: Kaw Mountains, NE slopes, R.C. West, 
24.IX.2004 
Tityus clathratus C. L. Koch, 1844: 1 ♀ (AMNH [LP 1567]), Trinidad and Tobago: Trinidad: 
Gaspar Grande Island, L. Prendini, 7.VII.1999, collected with UV light at night 
Tityus confluens Borelli, 1899: 1 ♀ (AMNH [LP 2938]), Argentina: Chaco: Parque Nacional 
Chaco, A. Ojanguren, F. Labarque, C. Grismado and L. Compagnucci, 26.II.2004 
Tityus discrepans (Karsch, 1879): 1 ♀ (AMNH [LP 1547]), Venezuela: Caracas, M.A. Gon-
zalez-Sponga, XI.1998 
Tityus melanostictus Pocock, 1893: 1 ♀ (AMNH [LP 1504]), Trinidad and Tobago: Trinidad: 
Gaspar Grande Island, L. Prendini, 7.VII.1999, collected with UV light at night 
Tityus serrulatus Lutz and Mello, 1922: 1 ♀ (AMNH [LP 1597]), Brazil: ex Instituto Butan-
tan via R. Pinto-da-Rocha, VIII.1999; 1 ♀ (MNHN), Brazil: Butantan, W. Bücherl, 
13.XII.1961 
Tityus silvestris Pocock, 1897: 1 ♂ (AMNH [LP 3643]), French Guiana: Maripasoula, Saul, 
Campsite Chez Fred’s [03°37'42.0'N 53°12'40.0''W], J. Huff, 14–15.XII.2005, manicured 
landscape surrounded by primary tropical rainforest, hand collected using UV light at night; 1 
♀ (MFN ZMB), Surinam: Paramaribo, S.V. Heller, I.1908 
Uroplectes flavoviridis Peters, 1861: 1 ♀ (AMNH [LP 1707]), Zimbabwe: Highlands, Harare, 
M. Cumming, 24.I.1999 
Uroplectes occidentalis Simon, 1867: 1 ♀ (MFN ZMB 7599), Cameroon: Jaunde, Zenker 
Uroplectes planimanus (Karsch, 1879): 1 ♀ (MNHN [ANG 1839-1]), Angola 
Vachoniolus globimanus Levy, Amitai and Shulov, 1973: 1 ♂ (AMNH [LP 3767]), United 
Arab Emirates: Rub’ Al Khali Desert, ca. 17 km SE of Dubai [25°10'04''S 55°28'07''E], A.V. 
Gromov, 28.III.2003 
Zabius fuscus (Thorell, 1876): 1 juv. ♀ (AMNH [LP 1759]), Argentina: Córdoba: La Quebra-
da, M. López, 8.XI.1999 
 
Chactidae 
Broteochactas delicatus (Karsch, 1879): 1 ♂ (MNHN RS 3392), French Guiana: Camopi, 
Valleé de l’Oyapock, 18.XII.1948; 1 ♂, 1 ♀, 1 juv. ♂ (AMNH), French Guiana, 2005 
Broteochactas nitidus Pocock, 1893: 1 ♀ (AMNH [LP 1511]), Trinidad and Tobago: Trini-
dad: Mt. St. Benedict [10°39'49"N 61°23'56"W], L. Prendini, 28.VI.1999, collected with UV 
light at night 
Brotheas gervaisii Pocock, 1893: 1 ♂ (MNHN RS 8508]), French Guiana: Rive droite de 
l’Arataye en aral du Sant Parané, J.P. Gasc, I.1981; 1 ♀ (MFN ZMB 15360), Surinam: Para-
maribo, Heller, 1909; 1 ♀ (MNHN RS 7389); 1 ex. (MNHN) 
Brotheas granulatus Simon, 1877: 1 ♂ (MNHN RS 8508]), French Guiana: Rive droite de 
l’Arataye en aral du Sant Parané, J.P. Gasc, I.1981; 1♀ (AMNH [LP 3439]), French Guiana: 
Roura District: Kaw Mountains, NE slopes, R.C. West, 24.IX.2004; 1 ex. (MNHN) 
Chactas gestroi Kraepelin, 1912: 1 ♀ (MNHN RS 0760), Colombia: Merida, Simon 
Chactas raymondhansi Francke and Boos, 1986: 1 subad. ♀ (AMNH [LP 1586]), Trinidad 
and Tobago: Trinidad: Mt. El Tucuche summit, L. Prendini, 8.VII.1999 
Chactas reticulatus Kraepelin, 1912: 1 ♀ (MNHN RS 0775), Colombia: Angelopolis, L. 
Fuhrmann, 1910; 1 ex. (MNHN), Colombia: Angelopolis, II.1998 
Guyanochactas gonzalezspongai (Lourenço, 1983): 1 ♀ (AMNH [LP 3435]), French Guiana: 
Roura District: Kaw Mountains, NE slopes, R.C. West, 24.IX.2004; 1 ex. (MNHN) 
Hadrurochactas schaumii (Karsch, 1880): 1 ♀ (AMNH [LP 3680]), French Guiana: Approu-
ague-Kaw: Kaw mountains, area around Amazone Nature Lodge [4°33'35.0"N 
52°12'25.3"W], J. Huff, 21.XII.2004; 1 ex. (MNHN) 
Nullibrotheas allenii (Wood, 1863): 1 juv. ♂ (AMNH [LP 2869]), México: Baja California 
Sur: El Tecolote [24º20.259'N 110º18.580'W], R. Mercurio, M. Nishiguchi, et al., 21.V.2004, 
collected with UV light 
Teuthraustes atramentarius Simon, 1878: 1 ♀ (MNHN RS 0784), Ecuador: Riobamba, G. 
Rivet, 1901 




Chaerilus truncatus Karsch, 1879: 1 ♂ (AMNH [LP 2197A]), Nepal: Naudanda, Kaski, Gan-
daki (west Nepal), Tillack, Grossmann and Tillack, VII.1999 
Chaerilus sp.: 1 ♀ (MNHN RS 0607), Indonesia 
 
Diplocentridae 
Bioculus comondae Stahnke, 1968: 1 juv. ♀ (AMNH [LP 4738]), Mexico: Baja California 
Sur: Municipio Loreto: Loreto, S, ca. 8 km along gravel road to San Javier, from junction 
with Route 1 [25°59.733'N 111°25.116'W], L. Prendini, E. González, R. Mercurio and W.E. 
Savary, 8.VII.2005, collected with UV light at night 
Cazierius gundlachii (Karsch, 1880): 1 ♂ (AMNH [LP 1779]), Cuba: Santiago de Cuba Prov-
ince: Quintero, Santiago de Cuba, R. Teruel, 15.IV.1999 
Didymocentrus lesueurii (Gervais, 1844): 1 ♀ (AMNH [LP 3638]), Martinique: E of Anses-
d’Arlet, 6.5 km W of Le Diamant [14°29'37.6"N 61°04'16.0"W], J. Huff, 7.XII.2004; 1 ex. 
(MNHN), Martinique 
Diplocentrus mexicanus mexicanus Peters, 1861: 1 ♀ (AMNH [LP 2055]), Mexico: Oaxaca: 
3.7 km N El Moral [17°30.134'N 96°56.091'W], L. Prendini, O. Francke, E. Gonzalez and J. 
Ponce, 23.VII.2002 
Diplocentrus tehuacanus Hoffmann, 1931: 1 ♂ (MNHN RS 4281), Mexico 
Diplocentrus whitei (Gervais, 1844): 1 ♂ (MNHN RS 3350), Mexico: Genin, 1922 
Diplocentrus zacatecanus Hoffmann, 1931: 1 ♂ (MNHN RS 4284), Mexico: Zacatecas: Ma-
zapil, A. Diaz N., 4.IX.1963 
Heteronebo granti Pocock, 1899: 1 juv. ♀ (AMNH [LP 1634]), Yemen: Abd-al-Kuri Island, 
W. Wranik, II.1999 
Nebo hierichonticus (Simon, 1872): 1 juv. ♂ (AMNH [LP 1561]), Israel, Mitrani Center for 
Desert Ecology, ex Y. Lubin, VI.1998; 1 ♂ (MNHN RS 4541), Jordanie, D Wahbek, III.1966; 
1 ♀ (MNHN), Israel: Ein Geddi, J. Wahrman, 8.IV.1951 
 
Euscorpiidae 
Euscorpius carpathicus candiota Birula, 1903: 3 ♀ (HUB), Greece: Crete, 1999 
Euscorpius flavicaudis (DeGeer, 1778): 1 ex. (MNHN) 
Euscorpius italicus (Herbst, 1800): 1 juv. ♀ (HUB), Italy, 2006 
Megacormus gertschi Díaz Najera, 1966: 1 ♂ (MNHN RS 0787) Mexico: Muyoapan 
Megacormus granosus (Gervais, 1843): 1 ♀ (AMNH [LP 2074]), Mexico: Veracruz: Camino 
a Cañada Blanca [18°55.707'N 96°51.434'W], E. Gonzalez Santillan, 18.VII.2002, collected 
with UV light at night 
Troglocormus willis Francke, 1981: 1 juv. ♂ (AMNH), Mexico: Tamaulipas: Cueva del Brin-
co, P. Sprouse, VII.1978 
 
Hemiscorpiidae 
Hemiscorpius lepturus Peters, 1861: 1 ♀ (AMNH [LP 4343]), Iran: Khouzestan Province: 
Andimeshk, H.R. Goodarzi, V.2005 
Hemiscorpius tellinii Borelli, 1904: 1 ♀ (MNHN RS 0560), Ethiopia; 1 ♀ (MNHN RS 0607) 
 
Heteroscorpionidae 
Heteroscorpion opisthacanthoides (Kraepelin, 1896): 1 subad. ♂ (AMNH [LP 2706]), Mada-
gascar: Antsiranana Province: Montagne de Français, 7.2 km 142° SE Antsiranana (= Diego 
Suarez) [12°19'22"S 49°20'17"E], B.L. Fisher, C.E. Griswold et al., 22.II.2001; 1 ♀ (MNHN 
RS 4813), Madagascar: Nossi-Komba, Millot, 1945 
 
Iuridae 
Anuroctonus phaiodactylus (Wood, 1863): 1 subad. ♀ (AMNH [LP 4970]), U.S.A.: Califor-
nia: Inyo County: Death Valley National Park: South Pass, junction of Saline Valley Road 
and Hunter Mountain Road [36°31.441'N 117°32.894'W], R. Mercurio and L. Prendini, 
4.IX.2005, burrow excavation 
Anuroctonus pococki Soleglad and Fet, 2004: 1 ♂ (MNHN RS 6207), U.S.A.: California: San 
Diego: Mount Soleglad, S.C. Williams, 21.III.1965 
Calchas nordmanni Birula, 1899: 1 ♀ (MNHN RS 6452), Turkey: Biledjik, 23.IV.1971; 1 ♀ 
(AMNH [LP 2246]), Turkey: Artvin: Ardanug, A. Karataş, 26.VIII.2001; 1 ♂ (AMNH [LP 
4333]), Turkey: Antep-Sehitkamil: Incesu Köyü, E. Aydin, 7.V.2005 
Caraboctonus keyserlingi Pocock, 1893: 1 ♀ (MNHN RS 8561), Chile: Provincia Coquimbo: 
Bajada El Teniente, km 330, T. Cekalovic, 13.IX.1964; 1 ex. (AMNH [LP 3686]), Chile: 
Aguas Claras, near Zapallar, J.S. Ascher, 1.XII.2004; 1 ♂ (MNHN RS 8571), 5.IX.1968; 1 ♀ 
(MNHN RS 8561), Provincia Coquimbo: Bajada El Teniente, T. Cekalovic, 13.IX.1964 
Hadruroides charcasus (Karsch, 1879): 1 ♀ (MNHN RS 714), Peru: Baños, P.O. Simons; 1 
♀ (AMNH [LP 1555]), Peru: ex R.D. Gaban, VI.1999; 1 ♀ (AMNH [LP 1575]), Peru: ex T. 
Gearheart, 16.V.2000 
Hadrurus concolorous Stahnke, 1969: 1 ♀ (MFN ZMB 15220), Mexico: Baja California: San 
José, v. Blücher 
Hadrurus hirsutus (Wood, 1863): 1 ♂ (AMNH [LP 3131]), Mexico: Baja California Sur: La 
Paz, 75 km NW [24°05'56.2"N 110°45'41"W], O. Francke, E. González and A. Valdez, 
7.VII.2004, collected with UV light at night 
Hadrurus spadix Stahnke, 1940: 1 ♀, 1 ♂ (MNHN RS 6194), U.S.A.: California: Inyo Coun-
ty: Saline Valley: Grapevine station 44 Canyon road, B. Banta, 4.VI.1960, collected with a pit 
trap 
Iurus dufoureius asiaticus Birula, 1903: 1 ♂ (MNHN RS 5168), Turkey: B.H. Lamoral, 1980; 
1 juv. (HUB), Turkey: Silifke, Turkish Riviera, Cennet Sinkhole [36°27'08.2"N 
34°06'22.3"E], S. Huber, 4.IV.2005  
Iurus dufoureius dufoureius (Brullé, 1832): 1 ♂ (MFN ZMB 7497), Cyprus: Rolle; 1 ♀ 
(MNHN RS 2977]), Greece: Crete, K. Lindberg, 1979 
 
Liochelidae 
Cheloctonus anthracinus warreni Hewitt, 1931: 1 ♀ (MNHN RS 0374 [NM 700]), South 
Africa: KwaZulu-Natal Province: Trurence 
Cheloctonus jonesii Pocock, 1892: 1 ♂ (MFN ZMB 35141), South Africa: Limpopo Prov-
ince: Legalameetse, Koch, 18.XII.1995; 1 juv. ♀ (AMNH [LP 1558]), South Africa: Kwazu-
lu-Natal Province: Weenen Nature Reserve, L. Prendini and E. Scott, 6.XII.1998, burrow ex-
cavation; 1 ex. (MNHN RS 6612), Republic of South Africa: Ubombo, J.P. Gasc, 5–7.X.1973 
Chiromachus ochropus (C.L. Koch, 1837): 1 ♂ (MFN ZMB 15169), Seychelles, Brauer; 1 ♀ 
(MNHN RS 0383]), Seychelles; 1 juv. ♀ (AMNH [LP 2189]), Seychelles: Fregate Island, J. 
Gerlach, 1.X.2002 
Hadogenes trichiurus trichiurus (Gervais, 1843): 1 ♂ (AMNH [LP 3402]), South Africa: 
Eastern Cape Province: Graaff-Reinet District: Ouberg Pass, J. Visser, 26.IV.2004 
Hadogenes troglodytes troglodytes (Peters, 1861): 1 ♂ (AMNH [LP 1315]), South Africa: 
Limpopo Province: Kruger National Park, Tshanga Lookout Point [23°13.73'S 31°14.28'E], 
L. Monod and B. Striffler, IV.2001; 1 ♀ (MNHN) 
Hadogenes sp.: 1 ♀ (AMNH [LP 1794]), Tanzania: ex T. Gearheart; 1 ♀ (MFN ZMB 7465); 
1 ♂ (HUB) 
Iomachus politus Pocock, 1896: 1 ♂ (AMNH [LP 1514]), Tanzania: ex T. Gearheart, 
4.VI.1999 
Liocheles australasiae (Fabricius, 1775): 1 ♀ (AMNH [LP 1854]), India: Andaman Islands: 
Havelock Island, III.1999; 1 ♀ (AMNH [LP 4764]), Malaysia: Selangor, Batu Caves area 
[3.244°N 101.695°E], W. Maddison, D. Li, I. Agnarsson, J.X. Zhang, 19.V.2005; 1 ♀ 
(MNHN RS 0454), Mariana Islands, 5–6.III.1888; 1 ♀ (MNHN RS 3236)  
Liocheles karschii (Keyserling, 1885): 1 ♂ (MFN ZMB 30838), Papua New Guinea: Kaise-
rins. 
Liocheles waigiensis (Gervais, 1843): 1 ♀ (AMNH [LP 1502]), Australia: Queensland: Con-
nondale National Park [26°41'50.0"S 152°33'12.4"E], E.S. Volschenk and P.A. Aitken, 
17.III.1990, collected with UV light; 1 ♀ (MNHN RS 8350), New Caledonia: Ova Tom, P. 
Boachet, 16.IX.1979 
Opisthacanthus africanus Simon, 1876: 1 ♀ (MNHN RS 0550), French Congo: Brazzaville, 
Roubond and Weiss, 15.III.1907 
Opisthacanthus elatus (Gervais, 1844): 1 ♂ (MNHN RS 0301), 1922; 1 ♀ (AMNH [LP 
1837]), Panama: Soberalie Nat. Park, M. Makovec, 15.X.2000 
Opisthacanthus lecomtei (Lucas, 1858): 1 ♀ (MFN ZMB), Cameroon 
Opisthacanthus madagascariensis Kraepelin, 1894: 1 ♀ (AMNH [LP 2799]), Madagascar: 
Mahajanga Province: Mahavavy River, 6.2 km 145° SE Mitsinjo [16°03'06"S 045°54'30"E], 
B.L. Fisher, C.E. Griswold et al., 1.XII.2002; 1 ♀ (MNHN RS 0256), Madagascar: Mahafaly, 
M. Bastard 
Opisthacanthus validus Thorell, 1876: 1 juv. ♀ (AMNH [LP 3379]), South Africa: Eastern 
Cape Province: Humansdorp District: Swart River [34°04'S 24°54'E], J. Visser, 23.VII.2004 
Palaeocheloctonus pauliani Lourenço, 1996: 1 ex. (MNHN RS 3970), Madagascar: Conces-
sion Wilmain, Tulear, Emerit, 30.XI.1962 
 
Microcharmidae 
Microcharmus sp.: 1 ♀ (AMNH [LP 1769]), Madagascar: Antsiranana Province: Réserve 




Pseudochactas ovchinnikovi Gromov, 1998: 1 juv. ♂ (AMNH [LP 2303]), 1 juv. (AMNH), 
Uzbekistan: Surkhandarya Area: Dikhana Canyon, ca. 5 km WSW Akmechet (Oqmachit) 
village, foothills on E slopes of Babatag Mtn. Range [38°01.638'N 68°15.198'E], L. Prendini 
and A.V. Gromov, 20.V.2003, collected with UV light 
 
Scorpionidae 
Heterometrus fulvipes (C. L. Koch, 1837): 1 ♀ (AMNH [LP 4324]), India: Tamil Nadu: Kan-
cheepuram District: Nemmali, 45 km from Chennai, on the eastern coastline, H.A. Vadivelu, 
A. and R. Ali, F. Paul, 30.V.2005 
Heterometrus longimanus (Herbst, 1800): 1 ♀ (MFN ZMB 30849), Indonesia: Sumatra: Pa-
dang, Tiefsee, 1914 
Heterometrus spinifer (Ehrenberg, 1828): 1 ♂ (AMNH [LP 1604]), Singapore, K. Wee, 
IX.1998 
Heterometrus swammerdami Simon, 1872: 1 ♂ (AMNH [LP 1607]), India: ex T. Gearheart 
Heterometrus sp.: 1 ex. (MNHN) 
Opistophthalmus boehmi (Kraepelin, 1896): 1 ♀ (AMNH [LP 1827]), Tanzania: ex K. Suzu-
saki, 27.II.2000 
Opistophthalmus capensis (Herbst, 1800): 2 ♀ (AMNH [AH 1266, 1268]), South Africa: 
Western Cape Province: Strand District: Base of Koeëlberg, 20 km S Strand, A. Harington, 
13.I.1979 
Opistophthalmus carinatus (Peters, 1861): 1 ♀ (MFN ZMB 14951), Namibia; 1 juv. ♂ 
(MNHN), Kalahari, B. Le Bret. 
Opistophthalmus fitzsimonsi Hewitt, 1935: 1 juv. (MNHN), Kalahari 
Opistophthalmus glabrifrons Peters, 1861: 1 ♀ (AMNH [LP 1074]), South Africa: Northern 
Province: Soutpansberg District: Crystal Salt Works, near firing range [22°58'S 29°20'E], L. 
Prendini and J. Laing, I.1996 
Opistophthalmus holmi (Lawrence, 1969): 1 ♀ (AMNH [LP 1082]), Namibia: Karas Region: 
Lüderitz District, Diamond Area 1: Namib-Naukluft Park, Koichab riverbed, dunes on north-
ern bank [26°13.41'S 15°59.24'E], L. Prendini, E. Scott and P. Swiegers, 3.I.1998 
Pandinus cavimanus (Pocock, 1888): 1 ♀ (AMNH [LP 3259]) 
Pandinus imperator (C.L. Koch, 1841): 1 ♀ (AMNH [LP 4836]), Benin: Bembereké: Riviere 
Dere, Foret classe d’Ouenou-Benou, Gando village [10°12.09'N 02°39.05'E], V. Vignoli and 
S. Tchibozo, 3.VI.2005; 1 ♂ (MNHN), Sudan: Delami, W. Ruttledge, 20.V.1927 
Pandinus viatoris (Pocock, 1890): 1 ♀ (MFN ZMB 15056), Mozambique: Tiesler 
Scorpio maurus fuliginosus (Pallary, 1928): 1 ♂ (AMNH [LP 1930]), Morocco: Haha Moun-
tains (western outliers of Atlas), ca. 10 km N Isk/Immouzer, ca. 60 km N Agadir, S. Huber, 
21.VII.2000; 1 ex. (MNHN RS 1200), Maroc: Kasba d’Asni, J. de Lépiney, 31.V.1939 
Scorpio maurus fuscus (Ehrenberg, 1829): 1 ♂ (AMNH [LP 1556]), Israel: Mitrani Center for 
Desert Ecology, ex Y. Lubin, VI.1998 
Scorpio maurus palmatus (Ehrenberg, 1828): 1 ♀ (AMNH [LP 1532]), Egypt: ex D. Taylor, 
X.1997 
Scorpio maurus ssp.: 1 ♀ (MNHN), Algeria: Manoc; 1 ex. (MFN ZMB) 
 
Scorpiopidae 
Scorpiops hardwickei (Gervais, 1843): 1 ♀ (MNHN RS 0722), Himalaya: Rhala, G. Babault, 
1915; 1 ♀ (MNHN RS 0725), India: Himalaya: Calcutta, Simon 
Scorpiops petersii Pocock, 1893: 1 ex. (MFN ZMB 3063), India: Himalaya, Trochnow 
 
Superstitioniidae 
Alacran tartarus Francke, 1982: 1 ♀ (AMNH [LP 3499]), México: Oaxaca: Municipio San 
Miguel: Cueva de Escorpion [18.1065°N 96.7982°W], A. Gluesenkamp, P. Sprouse and C. 
Savvas, 18.IX.2004 
Superstitionia donensis Stahnke, 1940: 1 ♂, 2 ♀ (AMNH [LP 3420]), U.S.A.: Arizona: Piñal 
County: Superstition Mountains, D. Vernier, XI.2003 
 
Troglotayosicidae 
Belisarius xambeui Simon, 1879: 1 ♀ (MNHN RS 7743), Spain: Mataro, J. Nègre, 
31.VIII.1948; 1 ♀ (MNHN RS 0801), Spain: Gerona: Camprodon, J. Mateu, IX.1954 
 
Urodacidae 
Urodacus manicatus (Thorell, 1876): 1 ♀ (MFN ZMB 14909), Australia: Germantown, 
Oschatz, 1910 
Urodacus novaehollandiae Peters, 1861: 1 ♂ (AMNH [LP 1658]), Australia: Western Aus-
tralia: Jarrahdale, E.S. Volschenk, 25.II.1998 
Urodacus yaschenkoi (Birula, 1903): 1 ♂ (AMNH [LP 1659]), Australia: South Australia: 
Berri, N.A. Locket and E.S. Volschenk, 24.IX.1997 
Urodacus sp.: 1 ♂ (MNHN RS 8352), Australia: Western Australia: S.D. Bradshaw, IV.1980 
 
Vaejovidae 
Paravaejovis pumilis (Williams, 1970): 1 ♂ (AMNH), México: Baja California Sur 
Paruroctonus becki (Gertsch and Allred, 1965): 2 juv. ♀ (AMNH [LP 4991]), U.S.A.: Cali-
fornia: Inyo County: Alabama Hills Recreational Area, 7 mi. W Lone Pine [36°35.991'N 
118°11.005'W], L. Prendini and R. Mercurio, 5.IX.2005, collected with UV light 
Paruroctonus boreus (Girard, 1854): 1 ♂ (AMNH [LP 4388]), U.S.A.: Washington: Yakima 
County: Humphrey Road, Tieton [46°41'15''N 120°46'25''W], H. Leochelt, 24.VIII.1996 
Paruroctonus borregoensis borregoensis Williams, 1972: 1 ♀ (AMNH [LP 4530]), Mexico: 
Sonora: Municipio Puerto Peñasco: Sonoyta 95 km NW, off Route 2, W of Microondas Cerro 
Lava, Reserva de la Biosfera and Parque Nacional El Pinacate [32°06.175'N 113°47.105'W], 
R. Mercurio and E. González, 28.VI.2005, collected with UV light at night 
Paruroctonus gracilior (Hoffmann, 1931): 1 ♀ (AMNH [LP 2152]), U.S.A.: New Mexico: 
Eddy County: 0.1 mi. S White’s City, roadside, K.J. McWest, 21.VI.2002; 1 ♀ (AMNH [LP 
2213]), U.S.A.: Texas: Loving County: at junction TX 302 and TX 1232 (ca. 4 mi. NW 
Wink) [31°48'55.08''N 103°12'11.43''W], WTAMU Arachnology Class, 5.X.2002 
Paruroctonus stahnkei (Gertsch and Soleglad, 1966): 1 ♂ (AMNH [LP 3566]), U.S.A.: Ari-
zona: Pima County: Tucson, near Bopp Road and Continental Road, B.R. Tomberlin and S.J. 
Burchfield, 15.IX.2004 
Pseudouroctonus apacheanus (Gertsch and Soleglad, 1972): 1 ♀ (AMNH), U.S.A.: Arizona: 
Southwestern Research Station, 5 mi. W Portal, W.J. Gertsch, VII.1962 
Pseudouroctonus reddelli (Gertsch and Soleglad, 1972): 1 ♀ (MNHN), U.S.A.: Texas: Travis 
County: Tooth Cave, Mitchell, 9.VI.1967; 1 ♀ (AMNH [LP 2155]), U.S.A.: Texas: Hays 
County: 0.5 mi. S of Hays City, B. McMinn, 29.V.2002 
Serradigitus wupatkiensis (Stahnke, 1940): 1 ♂ (AMNH [LP 3216]) U.S.A.: California: Inyo 
County: Inyo National Forest: White Mountains, roadside of 168 [37º15'45.0"N 
118º09'19.1"W], W. Savary, R. Mercurio, K. Bamba, M. McCoy, 15.VIII.2004 
Smeringurus vachoni vachoni (Stahnke, 1961): 1 ♂ (AMNH [LP 2684]), U.S.A.: California: 
San Bernardino County: Desert Studies Center, Soda Dry Lake, W.E. Savary and P.R. Craig, 
5.VII.2003 
Syntropis macrura Kraepelin, 1900: 1 juv. ♂ (AMNH [LP 4729]), Mexico: Baja California 
Sur: Municipio Comondú: San José de Comondú [26°03.542'N 111°48.985'W], L. Prendini, 
R. Mercurio, E. González and W.E. Savary, 7.VI.2005, collected with UV light at night 
Uroctonites huachuca (Gertsch and Soleglad, 1972): 1 ♀ (AMNH), U.S.A.: Arizona: Cochise 
County, Huachuca Mts, Cary Peak Trail, J. Burkhart, 20.IX.1969, 11:00 am, elev. 7000 ft, 
under rock slabs, deep pine needles 
Uroctonus mordax mordax Thorell, 1876: 1 ♂ (AMNH [LP 1595]), U.S.A.: California: Con-
tra Costa County: Clayton Road, near Clayton, W. Savary and L. Prendini, X.1997; 1 ♂ 
(MFN ZMB 2392), U.S.A., California, Forrer; 2 ♀ (MNHN RS 0732), U.S.A.: California, M. 
Lourquin, 1953 
Vaejovis intrepidus cristimanus Pocock, 1898: 1 ♂ (MFN ZMB 15221), Mexico: Baja Cali-
fornia, San José [erroneous], v. Blücher 
Vaejovis magdalensis Williams, 1971: 1 ♀ (AMNH [LP 3155]), Mexico: Baja California Sur: 
La Paz, 50 km NW [24°5'56.2"N 110°43'41"W], O. Francke, E. González and A. Valdez, 
7.VII.2004, collected with UV light at night 
Vaejovis mexicanus mexicanus C. L. Koch, 1836: 1 ♂ (AMNH [LP 1826]), Mexico: Estado 
de México: Municipio Atizapan de Zaragoza: Casa habitacion, O. Francke, X.2001 
Vaejovis nitidulus C. L. Koch, 1843: 2 ♂ (AMNH [LP 2052]), Mexico: Hidalgo: Antena de 
Microondas de Zimapan [20°44'47"N 99°20'54"W], L. Prendini, O. Francke, E. Gonzalez and 
J. Ponce, 3.VIII.2002, collected with UV light at night 
Vaejovis spinigerus (Wood, 1863): 1 ♂ (AMNH [LP 1811]), U.S.A.: Arizona: Maricopa 
County: Buckeye Hills Recreation Area [33°17.039'N 112°38.754'W], J. Bigelow and J. Bige-
low, 24.VIII.2000 
Vejovoidus longiunguis (Williams, 1969): 1 ♂ (AMNH [LP 3147]), Mexico: Baja California 
Sur: Guerrero Negro, 12 km S [27°56'5.8"N 113°54'23.1"W], O. Francke, W. Savary, E. 






Charinus neocaledonicus Simon, 1895: 1 ♀ (HUB), New Caledonia: Mount Koghis, c/o 
Noumea, S. Huber, P. and S. Weygoldt, XII.2004, ex S. Huber [P-193,F], VIII.2008. 
Sarax sp.: 1 exuvia (HUB), ex B. Mittmann 
 
Charontidae  
Charon grayi (Gervais, 1842): 1 juv. (AMNH [LP 1492]), Philippines: Laguna Distr., Luzon, 
Los Banos: University campus, Forestry, S. Huber; 1 indet. (HUB), ex M. Seiter 
Charon sp.: 1 subad. (HUB), Philippines: Cebu island, Moalboal: Busay Cave, S. Huber, ex 
S. Huber [P-215], 2.III.2008 
 
Phrynichidae 
Damon sp.: 1 juv. captive bred (HUB), ex M. Watz 
Damon gracilis Weygoldt, 1998: 2 subad. ♀ exuvia (HUB), ex A. Reimann 
Euphrynichus amanica (Werner, 1916): 1 ♂ (MfN ZMB 8331), East Africa: Bulsa, S. Lücker 
Euphrynichus bacillifer (Gerstaecker, 1873): 1 exuvia (HUB), ex B. Mittmann 
Musicodamon sp.: 1 exuvia (HUB), ex B. Mittmann 
Phrynichus deflersi Simon, 1887: 1 exuvia (HUB), ex B. Mittmann 




Heterophrynus longicornis (Butler, 1873): 1 indet. (AMNH [LP 3830]), French Guiana, Ap-
prouague-Kaw, Kaw mountains, area around Amazone Nature Lodge [4°33'35.0"N 
52°12'25.3"W], J. Huff, 21.XII.2004 
Heterophrynus sp.: 1 ♂ (MfN ZMB 32722), Brazil, v. Dungern 
Paraphrynus sp.: 1 indet. (AMNH [LP 3514]), México: Oaxaca, Municipio San Miguel, Cu-
eva de Escorpion [18.1065°N 96.7982°W], A. Gluesenkamp, P. Sprouse and C. Savvas, 
18.IX.2004 
Phrynus longipes (Pocock, 1894): 1 indet. (AMNH [Huff]), Dominican Republic 





Etienneus africanus (Hentschel, 1899): 1 indet. (AMNH [J. Huff]), Senegal: Kedougou, 3 km 
W along road to Salemata [12°33’10.6”N 12°13’39.4”W], J. Huff and V. Vignoli, 3.7.2005 
Hypoctonus rangunensis (Oates, 1889): 1 ♂, 1 ♀ (MfN ZMB 15792), Burma: Palon, L. Fea 
Thelyphonellus amazonicus (Butler, 1872): 1 indet. (AMNH [LP 3836]), French Guiana, Ap-
prouague-Kaw, Kaw mountains, area around Amazone Nature Lodge [4°33'35.0"N 
52°12'25.3"W], J. Huff, 25.XII.2004 
 
Mastigoproctinae 
Mastigoproctus giganteus (Lucas, 1834): 1 indet. (AMNH [J. Huff]), USA: Arizona; 1 indet. 
(HUB): USA 
Mastigoproctus proscorpio (Latreille, 1806), 1 indet. (HUB): Dominican Republic: West 
Puerto Plata [N19°46'38.8" W70°45'16.8"], S. Huber, 2.XII.2005, ex S. Huber [P-181] 
23/IX/2006 
Uroproctus assamensis (Stoliczka, 1869): 1indet. (MfN ZMB 15837), Asia 
 
Thelyphoninae 
Ginosigma schimkewitschi (Tarnani, 1894): 1 ♀ (MfN ZMB 7018), Thailand, Becker; 1 indet. 
(HUB): ex J. Haupt 
Minbosius manilanus (C.L. Koch, 1843): 1 indet. (AMNH [J. Huff]), Philippines: Negros 
island, Mt. Negros, J. Arimas, V.2005; 1 indet. (HUB): ex M. Seiter; 1 indet. (MfN) 
Tetrabalius seticauda (Dolleschall, 1857): 1 ♀ (MfN ZMB 15799), Maria-Wawo o. Soemba-
wa, Rensch, 26.VI.1927 
Thelyphonus caudatus (Linnaeus, 1758): 1 ♀ (MfN ZMB 15815), Java, Strubell; 1 indet. 
(MfN ZMB 7726), Java, Tschirch 
Thelyphonus sp. 1 indet. (HUB ), Indonesia, ex T. Kurzer, 2008 
 
Typopeltinae 
Typopeltis crucifer Pocock, 1894: 1 indet. (HUB); 1 indet. (MfN) 
Typopeltis dalyi Pocock, 1900: 1 ♂ (HUB), ex M. Seiter 
 
4.6.1 Schizomida: Hubbardiidae 
 





Limulus polyphemus (Linnaeus, 1758): 1 captive bred (HUB), ex B. Mittmann 
 
4.7 Histology samples 
4.7.1 Scorpiones: 
 
Androctonus amoreuxi (Audouin, 1826): 1 juv. captive bred (HUB), ex M. Watz, 2008 
Broteochactas sp.: 1 subad. (HUB), French Guiana, ex Giorgio Molisani, 2007 
Calchas nordmanni Birula, 1899: 1 indet. (HUB), Turkey: Turkish Riviera, West Anamur 
[N36°02'30.4" E32°44'34.4"], S. Huber, ex S. Huber [S-073,C], 13.VI.2007 
Caraboctonus keyserlingi Pocock, 1893: 1 subad. (HUB), Chile, ex Andreas Trapp, 2007 
Chaerilus variegatus Simon, 1877: 1 juv. (HUB), Indonesia: Borneo, ex Andreas Trapp, 2007 
Euscorpius carpathicus candiota Birula, 1903: 1 ♀ (HUB), Greece: Crete, 1999 
Euscorpius tergestinus (C.L. Koch, 1837): 1 juv. (HUB) 
Euscorpius italicus (Herbst, 1800): 1 juv. (HUB), Italy, 2004 
Hadogenes paucidens Pocock, 1896: 1 juv. captive bred (HUB), ex M. Watz, 2008 
Heterometrus sp.: 1 juv. captive bred (HUB), ex T. Kurzer, 2007 
Hottentotta jayakari (Pocock, 1895): 1 subad. ♀ (HUB), Yemen, 2004 
Iurus dufoureius Birula, 1903: 1 juv. (HUB), Turkey, S. Huber, 2005 
Liocheles autralasiae (Fabricius, 1775), 1 juv. captive bred (HUB), 2008 
Nebo hierichonticus (Simon, 1872), 1 juv. captive bred (HUB): Israel, 2006 
Opisthacanthus sp.: 1 juv. captive bred (HUB) 




Damon gracilis Weygoldt, 1998: 1 juv. captive bred (HUB), 2003 
Damon sp.: 1 juv.captive bred (HUB), Tanzania, ex M. Watz, 2007 
 
4.7.3 Uropygi (Thelyphonida): 
 
Minbosius manilanus (C.L. Koch, 1843): 1 juv. (HUB), Philippines: Negros island, M. Seiter, 
ex S. Huber [P-228], VIII.2008 
 
4.7.4 Schizomida: Hubbardiidae 
 





Limulus polyphemus (Linnaeus, 1758), captive bred (HUB), ex B. Mittmann 
 
4.8 µCT samples 
4.8.1 Scorpiones: 
 
Bothriurus coriaceus Pocock, 1893: 1 ♀ (HUB), Chile, ex Andreas Trapp, 2007 
Calchas nordmanni Birula, 1899: 1 indet. (HUB), Turkey: Turkish Riviera, West Anamur 
[N36°02'30.4" E32°44'34.4"], S. Huber, ex S. Huber [S-073,B], 13.VI.2007 
Caraboctonus keyserlingi Pocock, 1893: 1 subad. (HUB), Chile, ex Andreas Trapp, 2007 
Chaerilus variegatus Simon, 1877: 1 juv. (HUB), Indonesia: Borneo, ex Andreas Trapp, 2007 
Euscorpius italicus (Herbst, 1800): 1 ♀ (HUB), Italy, Bardolino, Lake Garda, Andreas Trapp, 
VI.2008 
Hadogenes paucidens Pocock, 1896: 1 juv. captive bred (HUB), ex M. Watz, 2008 
Heterometrus scaber (Thorell, 1876): 6 juv. captive bred (HUB), ex T. Kurzer, 2008 
Heterometrus sp.: 1 juv. captive bred (HUB), ex T. Kurzer, 2007 
Iurus dufoureius Birula, 1903: 1 juv. (HUB), Turkey, S. Huber, 2005 
Liocheles autralasiae (Fabricius, 1775): 1 ♀ (HUB), 2008 
Liocheles autralasiae (Fabricius, 1775): 1 juv. captive bred (HUB), 2008 
Nebo hierichonticus (Simon, 1872): 1 juv. captive bred (HUB), Isreal, 2008 
Orthochirus scrobiculosus negebensis (Shulov and Amitai, 1960): 1 ♀ (HUB), 2007 
Vaejovis spinigerus (Wood, 1863): 1 juv. captive bred (HUB), USA: New Mexico, Carlsbad, 




Damon sp.: 1 juv. captive bred (HUB), Tanzania, ex M. Watz, 2007 
 
4.8.3 Uropygi (Thelyphonida): 
 
Minbosius manilanus (C.L. Koch, 1843): 1 juv. (HUB), Philippines: Negros island, M. Seiter, 
ex S. Huber [P-228], VIII.2008 
 
APPENDIX 2: Tables 
 
Table 1 States of the book-lung characters recorded by Pavlovsky (1926). Numbers refer to 
defined character states by Pavlovsky. Note: ‘Fig.’- character state occurs only in figures of 
Pavlovsky (1926) without any mention in text. 
 laminae lamina margins stigma margin 
Buthidae    
Androctonus australis (Linnaeus, 1758) reticulate barbate (5) barbate 
Anomalobuthus rickmersi Kraeplin, 1900 reticulate barbate (5) barbate 
Centruroides margaritatus (Gervais, 1841) reticulate tuberculate (5) barbate 
Compsobuthus acutecarinatus (Simon, 1882)   (3) columellar 
Grosphus madagascariensis (Gervais, 1843)  hardly visible spines (1) smooth-ruffled 
Hottentotta eminii (Pocock, 1890) reticulate barbate (5) barbate 
Hottentotta hottentotta (Fabricius, 1787) reticulate barbate  
Isometrus sp. transition to barbate-reticulate (2) tuberculate 
Liobuthus kessleri Birula, 1898 reticulate barbate (5) barbate 
Lychas mucronatus (Fabricius, 1798) transition to barbate-reticulate (2) tuberculate 
Mesobuthus caucasicus (Nordmann, 1840) reticulate barbate (5) barbate 
Mesobuthus eupeus (C.L. Koch, 1839) reticulate barbate (5) barbate 
Odonturus dentatus Karsch, 1879 reticulate barbate (5) barbate 
Orthochirus sp.   (5) barbate 
Uroplectes lineatus (C.L. Koch, 1844)   (2) tuberculate 
Tityus sp. reticulate  (5) barbate 
    
Chaerilidae    
Chaerilus variegatus Simon, 1877 fine reticulate no spinelets (5) barbate 
    
Iuridae    
Calchas nordmanni Birula, 1899 network on one side + columel-
lae with secondary spines 
 barbate-columellar 
Caraboctonus sp.  arcuate  
Hadrurus sp.  barbate (5) barbate/(dentate) 
Iurus sp.  arcuate barbate-columellar 
    
Euscorpiidae    
Euscorpius sp.  arcuate  
    
Scorpiopidae    
Scorpiops montanus Karsch, 1879 arcuate to barbate? barbate (2) tuberculate 
    
Chactidae    
Broteochactas sp.  brush of fine setae (3) columellar 
Brotheas granimanus Pocock, 1898  brush of fine setae (3) columellar 
Teuthraustes witti (Kraepelin, 1896)  arcuate (3) columellar 
    
Vaejovidae    
Uroctonus mordax Thorell, 1876  arcuate (3) columellar 
Vaejovis spinigerus (Wood, 1863)  barbate (4) saw-edge 
    
Bothriuridae   barbate 
Bothriurus bonariensis (C.L. Koch, 1842) columellae (Fig.) barbate (Fig.)  
Brachistosternus ehrenbergi (Gervais, 1841)  barbate (5) barbate 
Brachistosternus intermedius Lönnberg, 1902  barbate (5) barbate 
Thestylus glasioui (Bertkau, 1880)  barbate (5) barbate 
    
Urodacidae    
Urodacus yashenkoi (Birula, 1903)   stumpy (Fig.) 
    
Hemiscorpiidae    
Hemiscorpius lepturus Peters, 1861  barbate (Fig.)  
    
Scorpionidae columellae with secondary 
spines 
barbate (6) stumpy 
Table 2 States of the book-lung characters recorded previously. Note: ‘Fig.’- character 
state occurs only in figures without being explicitly mentioned in the text. 
 authors lamellar surface lamella edge spiracle edge 
Araneae     
Araneaomorphae     
Aranea quadratus Moore (1976) nailhaeded spigots mesh surface filter  
Aranea diademata Peters (1969) Trabekel Reuse  
Aranea diademata Vogt and Yung (1889) verzweigte Haare (verfilzt) frei  
Aranea diademata Kästner (1929) Stiftchen netzartig verflochtene 
Säulchen 
 
Aranea diademata Mac Leod (1880)  arcuate bows (Fig.)  
Aranea diademata Berteaux (1889) simple trabeculae (Fig.)   
Argiope bruennichi Moore (1976) nailhaeded spigots   
Argyroneta aquatica Moore (1976) spigots   
Agelena labyrinthica Berteaux (1889) simple trabeculae (Fig.) palisade marginale  
Tegenaria atrica Peters (1969) Trabekel Reuse  
Tegenaria domestica Bertkau (1872) Körnchen   
Tegenaria saeva Moore (1976) nailhaeded spigots   
Tegenaria sp. Hexter (1982) interlamellar hairs hairs fuse into loops  
Tetragnatha sp. Berteaux (1889) simple trabeculae (Fig.)   
Salticus scenicus Schmitz and Perry (2000) spike-like struts   
Segestria senoculata Kästner (1929) Stiftchen arcuate bows (Fig.)  
Segestria florentina Berteaux (1889) simple trabeculae (Fig.) palisade marginale  
     
Mygalomorphae     
Atypus piceus Kästner (1929) Stiftchen mit verbundenen 
Seitenzweigen 
Säulchen mit Bögen  
Eurypelma californicum Reisinger et al. (1990) networked trabeculae   
Mygale sp. (?) Berteaux (1889) networked trabeculae(Fig.)   
Grammostola sp. Peters (1969) Trabekel Reuse  
     
Mesothelae     
Liphistius malayanus Haupt (2003) simple trabeculae (Fig.) spines (Fig.)  
Liphistius trang Haupt (2003) simple trabeculae (Fig.) spines (Fig.)  
     
Amblypygi     
Charon grayi Börner (1904) Härchen   
Damon variegatus Börner (1904) Härchen   




Börner (1904) Härchen   
Tarantula palmata Börner (1904) Härchen spines (Fig.)  
     
Thelyphonida     
Mastigoproctus giganteus Peters (1969) Trabekel   
Mastigoproctus giganteus Börner (1904) arkadische verbundene 
Härchen 
  
Mastigoproctus proscorpio Börner (1904) arkadische verbundene 
Härchen 
  






Telyphonus sp. Laurie (1894) networked trabeculae (Fig.) spines (Fig.)  
 
Table 3 States of the book-lung characters observed in exemplar species of Scorpiones dur-
ing the present study. Lamellar surface (Lam. surf.): simple trabeculae (1); branched trabecu-
lae (2); slender venation (3); ribbed venation (4). Lamellar edge (Lam. edge): bristles (1); 
spines (2); thorns (3); smooth/wrinkled (4); meandering (5); arcuate bows (6); padded (7); 
polygons (10). Posterior spiracle edge (Spir. edge): hillocks (1); subconical (2); hair-like (3); 
flattened (4); scaly (5); chisel-like (6); hexagonal tiles (7); tree-like (8); subtree-like (9); poly-
gonal columns (10); club-like (11); spiked-mace-like (12). 
 Lam. surf. Lam. edge Spir. edge 
Pseudochactidae:    
Pseudochactas ovchinnikovi Gromov, 1998 1 2 4 
    
Buthidae:    
Ananteris cussinii Borelli, 1910 3 4 ? 
Androctonus a. amoreuxi (Audouin, 1826) 3 3 2 
Androctonus a. australis (Linnaeus, 1758) 3 3 2 
Androctonus bicolor aeneas C.L. Koch, 1839 3 3 2 
Anomalobuthus rickmersi Kraepelin, 1900 3 3 2 
Apistobuthus pterygocercus Finnegan, 1932 3 3 2 
Babycurus buettneri Karsch, 1886 3 4 2 
Babycurus jacksoni (Pocock, 1890) 3 4 2 
Buthacus arenicola (Simon, 1885) 3 3 2 
Buthacus leptochelys (Ehrenberg, 1829) 3 3 1 
Butheoloides maroccanus Hirst, 1925 3 3 1 
Butheolus gallagheri Vachon, 1980 3 3 2 
Buthiscus bicalcaratus Birula, 1905 3 3 2 
Buthus ibericus Lourenço and Vachon 2004 3 3 2 
Buthus occitanus (Amoreux, 1789) 3 3 2 
Caribetityus elii (Armas and Marcano Fondeur, 1992) 4 4 2 
Centruroides exilicauda (Wood, 1863) 3 4 2 
Centruroides gracilis (Latreille, 1804) 3 4 2 
Centruroides m. margaritatus (Gervais, 1841) 3 4 2 
Centruroides schmidti Sissom, 1995 3 4 2 
Cicileus exilis (Pallary, 1928) 3 3 2 
Compsobuthus berlandi Vachon, 1950 3 3 2 
Compsobuthus maindroni (Kraepelin, 1900) 3 3 2 
Grosphus flavopiceus Kraepelin, 1900 3 4 2 
Grosphus grandidieri Kraepelin, 1900 3 4 ? 
Grosphus hirtus Kraepelin, 1900 3 4 1 
Hottentotta conspersus (Thorell, 1876) 3 4 1 
Hottentotta h. hottentotta (Fabricius, 1787) 3 3 2 
Hottentotta j. jayakari (Pocock, 1895) 3 3 1 
Isometroides angusticaudis Keyserling, 1885 3 4 1 
Isometrus maculatus (DeGeer, 1778) 3 3 1 
Karasbergia methueni Hewitt, 1913 3 3 1 
Leiurus q. hebraeus (Birula, 1908) 3 3 ? 
Leiurus q. quinquestriatus (Ehrenberg, 1828) 3 3 2 
Liobuthus kessleri Birula, 1898 3 3 ? 
Lychas mucronatus (Fabricius, 1798) 3 4 1 
Lychas obsti Kraepelin, 1913 3 3 1 
Lychas scutilus C.L. Koch, 1845 3 4 1 
Lychas tricarinatus (Simon, 1884) 3 4 1 
Lychas sp. 3 3 1 
Mesobuthus caucasicus parthorum Pocock, 1889 3 3 ? 
Mesobuthus eupeus thersites (C. L. Koch, 1839) 3 3 2 
Mesobuthus gibbosus (Brullé, 1832) 3 3 2 
Microtityus rickyi Kjellesvig-Waering, 1966 4 3 2 
Odontobuthus doriae (Thorell, 1876) 3 3 2 
Odonturus dentatus Karsch, 1879 3 4 2 
Orthochirus innesi Simon, 1910 3 3 1 
Orthochirus s. scrobiculosus (Grube, 1873) 3 3 1 
Parabuthus leiosoma (Ehrenberg, 1828) 3 3 2 
Pseudolychas pegleri (Purcell, 1901) 3 3 1 
Rhopalurus bonetti Armas and Marcano Fondeur, 1987 3 4 1 
Rhopalurus acromelas Lutz and Mello, 1922 3 4 2 
Rhopalurus junceus (Herbst, 1800) 3 4 1 
Rhopalurus l. laticauda Thorell, 1876 3 4 1 
Rhopalurus princeps (Karsch, 1879) 3 4 2 
Rhopalurus rochae Borelli, 1910 3 4 2 
Tityobuthus baroni (Pocock, 1890) 3 4 1 
Tityus asthenes Pocock, 1893 4 4 2 
Tityus bahiensis eickstedtae (Lourenço, 1982) 4 4 2 
Tityus bolivianus Kraepelin, 1895 4 4 ? 
Tityus cambridgei Pocock, 1897 4 4 2 
Tityus clathratus C. L. Koch, 1844 4 4 2 
Tityus confluens Borelli, 1899 4 4 2 
Tityus discrepans (Karsch, 1879) 4 4 2 
Tityus melanostictus Pocock, 1893 4 4 2 
Tityus serrulatus Lutz and Mello, 1922 4 4 2 
Tityus silvestris Pocock, 1897 4 4 2 
Uroplectes flavoviridis Peters, 1861 3 3 2 
Uroplectes occidentalis Simon, 1867 3 4 1 
Uroplectes planimanus (Karsch, 1879) 3 3 1 
Vachoniolus globimanus Levy, Amitai and Shulov, 1973 3 3 2 
Zabius fuscus (Thorell, 1876) 4 4 2 
    
Microcharmidae:    
Microcharmus sp.  3 4 ? 
    
Chaerilidae:    
Chaerilus truncatus Karsch, 1879 4 7 2 
Chaerilus sp. 4 7 ? 
    
Iuridae:    
Anuroctonus phaiodactylus (Wood, 1863) 1 1 1 
Anuroctonus pococki Soleglad and Fet, 2004 1 1 1 
Calchas nordmanni Birula, 1899 1 5 6 
Caraboctonus keyserlingi Pocock, 1893 1 6 9 
Hadruroides charcasus (Karsch, 1879) 1 1 1 
Hadrurus concolorous (Stahnke, 1969) 1 1 4 
Hadrurus hirsutus (Wood, 1863) 1 2 2 
Hadrurus spadix Stahnke, 1940 1 2 2 
Iurus dufoureius asiaticus Birula, 1903 1 5 6 
Iurus dufoureius dufoureius (Brullé, 1832) 1 5 6 
    
Euscorpiidae:    
Euscorpius carpathicus candiota Birula, 1903 1 6 1 
Euscorpius flavicaudis (DeGeer, 1778) 1 6 1 
Euscorpius italicus (Herbst, 1800) 1 6 1 
Megacormus gertschi Díaz Najera, 1966 1 6 1 
Megacormus granosus (Gervais, 1843) 1 6 1 
Troglocormus willis Francke, 1981 1 1 1 
    
Scorpiopidae:    
Scorpiops hardwickei (Gervais, 1843) 1 1 1 
Scorpiops petersii Pocock, 1893 1 1 1 
    
Chactidae:    
Broteochactas delicatus (Karsch, 1879) 1 1 6 
Broteochactas nitidus Pocock, 1893 1 1 1 
Brotheas gervaisii Pocock, 1893 1 1 6 
Brotheas granulatus Simon, 1877 1 1 6 
    
Chactidae:     
Chactas raymondhansi Francke and Boos, 1986 1 6 2 
Chactas reticulatus Kraepelin, 1912 1 6 6 
Guyanochactas gonzalezspongai (Lourenço, 1983) 1 1 6 
Hadrurochactas schaumii (Karsch, 1880) 1 1 6 
Nullibrotheas allenii (Wood, 1863) 1 2 2 
Teuthraustus atramentarius Simon, 1878 1 6 11 
Teuthraustus gervaisii (Pocock, 1893) 1 6 11 
    
Superstitioniidae:     
Alacran tartarus Francke, 1982 1? 5 ? 
Superstitionia donensis Stahnke, 1940 1 6 1 
    
Troglotayosicidae:     
Belisarius xambeui Simon, 1879 1 1 1 
    
Vaejovidae:     
Paravaejovis pumilis (Williams, 1970) 1 2 2 
Paruroctonus becki (Gertsch and Allred, 1965) 1 2 10 
Paruroctonus boreus (Girard, 1854) 1 2 10 
Paruroctonus b. borregoensis Williams, 1972 1 2 10 
Paruroctonus gracilior (Hoffmann, 1931) 1 2 10 
Paruroctonus stahnkei (Gertsch and Soleglad, 1966) 1 2 10 
Pseudouroctonus apacheanus (Gertsch and Soleglad, 1972) 1 1 4 
Pseudouroctonus reddelli (Gertsch and Soleglad, 1972) 1 1 4 
Serradigitus wupatkiensis (Stahnke, 1940) 1 2 4 
Smeringurus v. vachoni (Stahnke, 1961) 1 2 4 
Syntropis macrura Kraepelin, 1900 1 2 4 
Uroctonites huachuca (Gertsch and Soleglad, 1972) 1 1 12 
Uroctonus m. mordax Thorell, 1876 1 6 1 
Vaejovis intrepidus cristimanus Pocock, 1898 1 2 2 
Vaejovis magdalensis Williams, 1971 1 2 2 
Vaejovis m. mexicanus C. L. Koch, 1836 1 1 2 
Vaejovis nitidulus C. L. Koch, 1843 1 2 2 
Vaejovis spinigerus (Wood, 1863) 1 2 2 
Vejovoidus longiunguis (Williams, 1969) 1 1 2 
    
Bothriuridae:     
Bothriurus bonariensis (C. L. Koch, 1842) 1 2 2 
Bothriurus burmeisteri Kraepelin, 1894 1 2 2 
Bothriurus chacoensis Maury and Acosta, 1993 1 2 2 
Bothriurus coriaceus Pocock, 1893 1 2 2 
Brachistosternus ehrenbergii (Gervais, 1841) 1 2 2 
Brachistosternus ferrugineus (Thorell, 1876) 1 2 2 
Centromachetes obscurus Mello-Leitão, 1932 1 1 9 
Centromachetes pocockii (Kraepelin, 1894) 1 1 3 
Centromachetes sp. 1 2 2-9 
Cercophonius sulcatus Kraepelin, 1908 1 2 2 
Cercophonius sp. 1 2 ? 
Lisposoma elegans Lawrence, 1928 1 1 4 
Lisposoma josehermana Lamoral, 1979 1 1 4 
Orobothriurus alticola (Pocock, 1899) 1 2 2 
Pachakutej iskay (Acosta and Ochoa, 2001) 1 1 1 
Phoniocercus pictus Pocock, 1893 1 2 2 
Phoniocercus sanmartini Cekalovic, 1968 1 2 8 
Thestylus glasioui (Bertkau, 1880) 1 1 8 
Timogenes dorbignyi (Guérin Méneville, 1843) 1 2 2 
Timogenes mapuche Maury, 1975 1 2 9 
Urophonius iheringii Pocock, 1893 1 2 8 
Urophonius tregualemuensis Cekalovic, 1981 1 2 9 
Vachonia martinezi Abalos, 1954 1 2 2 
    
Urodacidae:     
Urodacus manicatus (Thorell, 1876) 1 1 1 
Urodacus novaehollandiae Peters, 1861 1 1 6 
Urodacus yaschenkoi (Birula, 1903) 1 1 4 
Urodacus sp. 2 1 2 
    
Heteroscorpionidae:     
Heteroscorpion opisthacanthoides (Kraepelin, 1896) 1 1 6 
    
Hemiscorpiidae:     
Hemiscorpius lepturus Peters, 1861 1 2 7 
Hemiscorpius tellinii Borelli, 1904 1 1–2 7 
    
Liochelidae:     
Cheloctonus anthracinus warreni Hewitt, 1931 1 1 7 
Cheloctonus jonesii Pocock, 1892 1 1 7 
Chiromachus ochropus (C.L. Koch, 1837) 1 1 7 
Hadogenes t. trichiurus (Gervais, 1843) 2 1 7 
Hadogenes t. troglodytes (Peters, 1861) 2 1 7 
Hadogenes sp. 2 2 7 
Iomachus politus Pocock, 1896 2 2 7 
Liocheles australasiae (Fabricius, 1775) 1 6 4/6 
Liocheles karschii (Keyserling, 1885) 1 6 6 
Liocheles waigiensis (Gervais, 1843) 1 6 6 
Opisthacanthus africanus Simon, 1876 2 1 7 
Opisthacanthus elatus (Gervais, 1844) 2 1 7 
Opisthacanthus lecomtei (Lucas, 1858) 1 1 7 
Opisthacanthus madagascariensis Kraepelin, 1894 1 1 7 
Opisthacanthus validus Thorell, 1876 1 1 7 
Palaeocheloctonus pauliani Lourenço, 1996 1 1 7 
    
Diplocentridae:     
Bioculus comondae Stahnke, 1968 1 6 7 
Cazierius gundlachii (Karsch, 1880) 1 6 7 
Didymocentrus lesueurii (Gervais, 1844) 1 6 7 
Diplocentrus m. mexicanus Peters, 1861 1 6 7 
Diplocentrus tehuacanus Hoffmann, 1931 1 6 7 
Diplocentrus whitei (Gervais, 1844) 1 6 7 
Diplocentrus zacatecanus Hoffmann, 1931 1 6 7 
Heteronebo granti Pocock, 1899 1 6 7 
Nebo hierichonticus (Simon, 1872) 1 6 7 
    
Scorpionidae:     
Heterometrus fulvipes (C. L. Koch, 1837) 2 1 7 
Heterometrus longimanus (Herbst, 1800) 2 1 7 
Heterometrus spinifer (Ehrenberg, 1828) 2 1 7 
Heterometrus swammerdami Simon, 1872 2 1 7 
Heterometrus sp. 2 1 7 
Opistophthalmus boehmi (Kraepelin, 1896) 2 2 7 
Opistophthalmus capensis (Herbst, 1800) 2 1 7 
Opistophthalmus carinatus (Peters, 1861) 2 1 7 
Opistophthalmus fitzsimonsi Hewitt, 1935 2 1 7 
Opistophthalmus glabrifrons Peters, 1861 2 1 7 
Opistophthalmus holmi (Lawrence, 1969) 2 1 7 
Pandinus cavimanus (Pocock, 1888) 2 1 7 
Pandinus imperator (C.L. Koch, 1841) 2 1 7 
Pandinus viatoris (Pocock, 1890) 2 1 7 
Scorpio maurus fuliginosus (Pallary, 1928) 2 1 7 
Scorpio maurus fuscus (Ehrenberg, 1829) 2 1 7 
Scorpio maurus palmatus (Ehrenberg, 1828) 2 2 7 
Scorpio maurus ssp. 2 1 7 
    
Fossil scorpions    
Pulmonoscorpius sp. (†) 1 10 ? 
 
Table 4 States of the book-lung characters observed in exemplar species of Pedipalpi dur-
ing the present study. Lamellar surface (Lam. surf.): simple trabeculae (1); networked trabe-
culae (5); fused networked trabeculae (6). Lamellar edge (Lam. edge): bristles (1); spines (2); 
arcuate bows (6); spiny rhombuses (8); strands (9). Posterior spiracle edge (P. spir.): subconi-
cal - spines (2); buttressed spines (13); interspine depression (14); angled ridges (15). Anterior 
spiracle edge (A. spir.): sharp edge (1); spines (2); mushrooms (3); networked mushrooms (4). 
Posterior atrium (P. atr.) and anterior atrium (A. atr.): warts (1); pointed tips (2); arcuate bows 
(3); bristles (4); mushrooms (5); networked mushrooms (6). 
 
 Lam. surf. Lam. edge P. spir. A. spir. P. Atr. A. atr. 
Amblypygi       
Charinidae:       
Charinus neocaledonicus Simon, 1895 1 2 13    
Sarax sp. 1 2 13    
       
Charontidae:       
Charon grayi (Gervais, 1842) 1 2 ?    
Charon sp. 1 2 13    
       
Phrynichidae:       
Damon sp. 1 2 13 2 1 1,2 
Euphrynichus amanica (Werner, 1916) 1 2 13    
Euphrynichus bacillifer (Gerstaecker, 1873) 1 2 13    
Musicodamon sp.  1 2 ?    
Phrynichus deflersi Simon, 1887 1 2 13    
Phrynichus exophthalmus Whittick, 1940 1 2 13    
       
Phrynidae:       
Heterophrynus longicornis (Butler, 1873) 1 2 13    
Heterophrynus sp.  1 2 2    
Paraphrynus sp.  1 2 ?    
Phrynus longipes (Pocock, 1894) 1 2 ?    
Phrynus sp.  1 2 2    
Phrynus sp.  1 2 13    
       
Thelyphonida (Uropygi)       
Hypoctoninae:       
Etienneus africanus (Hentschel, 1899) 5 2 ? 3 5 ? 
Hypoctonus rangunensis (Oates, 1889) 5 6 14 4 3-4 3-4 
Thelyphonellus amazonicus (Butler, 1872) 5 2 14 4 5 ? 
       
Mastigoproctinae:       
Mastigoproctus giganteus (Lucas, 1834) 5 9 14 ? 3 ? 
Mastigoproctus giganteus (Lucas, 1834) 5 6 14 4 3 3 
Mastigoproctus proscorpio (Latreille, 1806) 5 8 14 4 3 6 
Uroproctus assamensis (Stoliczka, 1869) 5 2 14 3 3 4-5 
       
Thelyphoninae:       
Ginosigma schimkewitschi (Tarnani, 1894) 5 ? 14 3 5 3 
Ginosigma schimkewitschi (Tarnani, 1894) 5 2 14 3 4 ? 
Minbosius manilanus (C.L. Koch, 1843) 5 6 14 3 4 ? 
Minbosius manilanus (C.L. Koch, 1843) 5 6 14 3 4 3 
Minbosius manilanus (C.L. Koch, 1843) 5 6 14 3 3 4-5 
Tetrabalius seticauda (Dolleschall, 1857) 5 6 14 4 3-6 ? 
Thelyphonus caudatus (Linnaeus, 1758) 5 2-6 14 4 3 6 
       
Typopeltinae       
Typopeltis crucifer Pocock, 1894 5 8 14 3 4 4 
Typopeltis crucifer Pocock, 1894 5 8 14 3 4 ? 
Typopeltis dalyi Pocock, 1900 5 2 14 3 4 5 
       
Schizomida       
Hubbardiidae       
Species indet. 5-6 6 ? 4 3 ? 
       
Trigonotarbida (†)       
Palaeocharinidae       
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